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Increasing levels of greenhouse gas emissions from conventional 
transportation sector has become a serious challenge in recent years. The 
development of on-board energy storage systems capable of storing electrical 
energy from sustainable energy sources namely solar and wind is a key 
solution to this problem. Among the various energy storage systems proposed 
for electric vehicle (EV) applications, lithium-ion batteries (LIBs) have been 
considered to be promising candidates owing to their high specific energy, 
long cycle life and wide operating temperature. However, the cost and 
vulnerable safety of battery materials hinder the widespread penetration of 
batteries in the EV market. A mobile phone battery needs a few grams of 
cathode material while an EV battery-pack might need up to a hundred kilo-
grams of cathode material per pack.  Hence, lithium-ion battery for EV 
applications will be forced to explore cheaper and safer cathode materials, as 
the cost of the cathode is nearly one-third of the total cost of lithium-ion 
battery-packs. In this regard, the nucleus of the current investigation will focus 
on the ways and means of tailoring the properties of earth abundant Mn and Fe 
-based cathode materials.  
 In chapter 1, the need for energy storage systems mainly batteries and 
their use in EV application is discussed. A concise literature review of the 
various cathode materials, anode materials and electrolytes for lithium-ion 
batteries is provided. Finally, the scope of this thesis is outlined.  
 In chapter 2, experimental techniques and procedures employed for 
the electrode material preparation and its characterization are provided. 
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Appropriate details relating to half-cell and full cell assembly along with their 
electrochemical characterization is outlined. 
In chapter 3, lithium storage in LiMnPO4/C cathode material was 
prepared with an architecture featuring carbon coated, interconnected nano-
grains constructed with mesopores using a soft template synthesis method 
followed by high energy ball milling process. This architecture facilitates 
enhanced lithium ionic and electronic transports; favors improved lithium 
storage performance. Mesoporous LiMnPO4/C electrode delivers discharge 
capacity of 140 mAh g
-1
 at 0.05C using galvanostatic cycling mode. The 
electrochemical response of LiMnPO4/C at constant current mode is 
complemented by diffusion studies using cyclic voltammetry and impedance 
spectroscopy. The interdependence of lithium storage performance on carbon 
content, milling time, grain size and porous characteristics (surface area, pore 
size and pore volume) is also discussed. Finally, the feasibility of LiMnPO4/C 
cathode is evaluated against Li4Ti5O12/C anode in a full cell. 




 doping in high 
potential LiMnPO4 cathode material. The lithium storage capacity of 159 mAh 
g
-1
 is obtained at 0.1C for isovalent co-doped LiMn0.9Fe0.05Mg0.05PO4/C 
material with relatively less polarization of ~139 mV.  This capacity is much 
better than LiMn0.9Fe0.1PO4/C and LiMn0.95Mg0.05PO4/C which deliver only 
136.8 and 128.4 mAh g
-1 
at 0.1C with polarization of ~222 and 334 mV 
respectively. LiMn0.9Fe0.05Mg0.05PO4/C electrode material delivers a capacity 
of 116 mAh g
-1
 at 1C after 200 cycles, which is 96% of its initial capacity. The 
improved cycling stability of LiMn0.9Fe0.05Mg0.05PO4/C is attributed to the 




The enhanced storage performance of co-doped LiMnPO4 is thus explained in 
terms of (i) favorable extraction and insertion reactions and (ii) enhanced 
transport properties. 
In chapter 5, LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) Mn-Fe mixed 
transition metal phosphate was synthesized with the similar morphology, 
particles size and carbon content by a soft template synthesis method followed 
by high energy ball milling process to enhance the manganese utilization. 
LiMn1-xFexPO4 (x = 0.2, 0.5 and 0.8) showed two distinct charge and 
discharge profiles, resulting in lithium storage performance of 160, 159, 158 
mAh g
-1
 at 0.1C compared to LiMnPO4/C that exhibits capacity of only 120 
mAh g
-1
. The voltage polarization for Mn-Fe mixed phosphate electrodes was 
found to be ~85 mV: 20 mV in the Mn:Fe redox potential region unlike 
LiMnPO4/C (340 mV) at 0.1C. Most importantly, Mn-rich LiMn0.8Fe0.2PO4/C 
showed enhanced electrochemical kinetics, rate performance, cycling stability, 
thermal stability, structural stability and reduced voltage polarization. The 
capacity retention of 86% is obtained for LiMn0.8Fe0.2PO4/C after 700 cycles 
at 1C. LiMn0.8Fe0.2PO4/C electrode exhibits stable discharge capacity of ~155 
mAh g
-1
 when cycled between room temperature (RT) - 60°C. The enhanced 
electrochemical kinetics of Mn-rich LiMn0.8Fe0.2PO4/C is demonstrated in 
terms of (i) redox combination which in turn provides favourable environment 
for the lithiation and delithiation processes owing to difference in the 








unlike LiMnPO4, (ii) partial 
suppression of Jahn-Teller distortion, (iii) reasonably good structural and 
thermal stability of delithiated phase and (iv) enhanced transport properties. 
Finally, the full cell performance of Mn-rich LiMn0.8Fe0.2PO4/C is 
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demonstrated with an insertion anode Li4Ti5O12/C and conversion anode 
Fe2O3/C. 
In chapter 6, LiMn0.8Fe0.15Mg0.05PO4/C was synthesized with  
particles size in the range of 30-50 nm by a soft template synthesis method 
followed by high energy ball milling process to enhance the manganese 
utilization. The presence of Mg
2+
 in Mn-Fe mixed transition metal phospho-
olivine showed better electrochemical kinetics, manganese utilization, rate 
performance, cycling stability, thermal stability, structural stability, reduced 
voltage polarization and reduced volume change during the electrochemical 
delithiation. The voltage polarization at 10C for LiMn0.8Fe0.15Mg0.05PO4/C is 








 redox couples compared to 









 redox couples respectively. 
LiMn0.8Fe0.15Mg0.05PO4/C electrode retains 82% of its initial capacity at 1C 
after 1000 cycles. LiMn0.8Fe0.15Mg0.05PO4/C sample also delivers extremely 
stable capacity of ~157 mAh g
-1
 when cycled in the temperature range RT - 
60°C. The possible reasons for enhanced manganese utilization of 
LiMn0.8Fe0.15Mg0.05PO4/C was demonstrated in terms of (i) redox combination 
which provides favorable environment for the lithiation and delithiation 







,  (ii) partial suppression of Jahn-Teller 
distortion, (iii) structural and thermal stability of delithiated phase and (iv) 
enhanced transport properties. 
In chapter 7, the synthesis and electrochemical characterization of low 
and high temperature polymorphs of Li2MnSiO4/C cathode material was 
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investigated. These materials were synthesized with carbon coating using two-
step synthesis method followed by high energy ball milling process. Two 
polymorphs were isolated by controlling the synthesis temperature which was 
Pmn21 (low temperature) and P21/n (high temperature) polymorphs. Among 
these, the electrochemical performance of low temperature (Pmn21) 
polymorph was better than high temperature polymorph (P21/n). The lithium 
storage of Pmn21 polymorph is 262 mAh g
-1
 at 0.1C; in contrast P21/n 
polymorph that shows only 164 mAh g
-1
. The lithium storage performance of 
Pmn21 is almost two times higher than P21/n at all current rates. This is 
explained by the simplest migration pathway of Li
+
 ions in Pmn21 polymorph 
as compared to P21/n polymorph. Ex-situ XRD patterns of carbon coated 
sample reveals that the structure is stable upon first charging up to 4.6 V and 
after 30 galvanostatic cycles. It can be suggested that apart from the type of 
polymorphs, the structural stability and carbon coating are also very important 
to achieve enhanced lithium storage performance in Li2MnSiO4. 
 In chapter 8, conclusions and suggestions for future research are 
provided. 
Key words: lithium-ion battery, cathode, electrochemical performance,  
olivine, Jahn-Teller distortion, lithium metal phosphate, lithium manganese 








Significant findings from the current studies 
 A novel synthesis process for the preparation of olivine phosphate based 
cathode materials was developed.  
 Lithium storage performance of LiMnPO4/C was found to be highly 
interdependent on the carbon content, ball-milling time, grain size, surface 
area, pore size and pore volume.  
 Co-substitution of Fe2+ and Mg2+ (LiMn0.9Fe0.05Mg0.05PO4) resulted in 
enhanced lithium storage capacity, cyclability and lesser manganese 
dissolution and voltage polarization compared to LiMnPO4/C. 
 Mn rich transition metal phosphate (LiMn0.8Fe0.2PO4) delivered superior 
electrochemical performance compared to LiMn0.9Fe0.05Mg0.05PO4 and 
LiMnPO4/C. The enhanced electrochemical kinetics of Mn-rich Mn-Fe 
mixed phosphates are attributable to (i) redox combination which in turn 
provides favorable environment for the lithiation and delithiation processes 









 redox couples, (ii) partial suppression of Jahn-Teller distortion, 
(iii) reasonably good structural and thermal stability of delithiated phase 
and (iv) enhanced transport properties. 
 Substitution of Mg2+ in Mn-Fe mixed transition metal phosphate 
(LiMn0.8Fe0.15Mg0.05PO4) resulted in suppressed Jahn-Teller distortion, 
better structural and thermal stability of delithiated phases compared to 
LiMn0.8Fe0.2PO4. Ultimately, the storage performance in the high voltage 
Mn redox was much better in LiMn0.8Fe0.15Mg0.05PO4. This electrode 
retained 82% of its initial capacity at 1C after 1000 cycles. No significant 
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capacity fading was observed when the cells were cycled in the 
temperature range RT - 60°C.  
 Two different polymorphs of Li2MnSiO4 were isolated by controlling the 
synthesis temperature. The low temperature Pmn21 polymorph of 
Li2MnSiO4/C showed the better electrochemical performance and cycling 
stability compared to P21/n polymorph. The cycling stability of Pmn21 
polymorph is the highest among the reports in literature. Pmn21 polymorph 
offers a simpler migration pathway for Li
+
 ion compared to P21/n 
polymorph. Besides, the structural stability of Pmn21 during cycling and 
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1.1 Preface to Chapter 1 
 This chapter emphasizes the importance of energy storage systems 
particularly lithium-ion batteries (LIBs) for its use in electric vehicle 
application. A brief literature survey of various components of LIBs namely 
cathode materials, anode materials and electrolytes are provided. Finally, the 



















1.2 Importance of energy storage systems 
In recent years, electricity is the most dominant form of energy and 
this demand is expected to be triple by the end of the present decade.
1
 The 
total global energy generation is estimated to be ~20 x 10
12
 watts, out of which 
approximately 68% of the electricity comes from fossil fuels.
2
 For every kWh 
energy obtained from fossil fuels, ~1 kg of CO2 is produced raising concerns 
on global warming.
1
 Further, increasing cost of fossil fuels coupled with their 
limited availability has triggered research interests in generating electricity 
from alternative clean energy sources. Among the various forms of alternate 
energy, solar and wind energy are clean, abundant and readily available.
3, 4
 
However, they are intermittent in time and geography. Hence, there is a 
pressing need to design sustainable energy storage systems (ES) which could 
store clean energy so that it could be used up later on demand. 
1.3 Choice of energy storage systems 
 Based on the type of energy storage, ES systems could be classified 
into mechanical, thermal, electrical and electrochemical energy storage 
systems as described below in Figure 1.1. Amongst them, electrochemical 
energy storage in which electrical energy is stored in the form of chemical 
energy and vice-versa are believed to be highly promising
5
 due to the 
following virtues: 
 Smoke free operation  
 Absence of moving parts  
 Quick response time 
 High round trip efficiency 
4 
 
 Long cycle life  
 
Figure 1.1 Classification of the energy storage systems. 
1.3.1 Electrochemical energy storage systems 
 Electrochemical energy storage systems could further be classified into 
fuel cells, electrochemical capacitors and batteries. Fuel cells are 
electrochemical device which converts the chemical energy into electrical 
energy through the chemical reaction with the fuel. Electrochemical 
capacitors are device in which the ions present in the electrode-electrolyte 
interface results in the development of the electrical double layers leading to 
the flow of electricity through the outer circuit. Batteries are electrochemical 
devices consisting of electrochemical cells that are made of cathode electrode, 
anode electrode, separator and an electrolyte. An electrochemical cell is a 
transducer device that converts the stored chemical energy into electrical 
energy by means of redox process. Generally, batteries are classified into two 
types, based on their working principles and usage, namely primary and 
Energy storage systems
Electrochemical energy: 
batteries and fuel cells
Mechanical energy : 
flywheels, pumped hydroelectric 
power storage and compressed air 
storage 
Thermal energy : 
latent heat storage, sensible heat 
storage and thermal chemical storage
Electric charge: 
electrical double layer capacitor
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secondary batteries. Primary batteries are non-rechargeable that are designed 
to be used once; while secondary batteries are rechargeable that are designed 
to be used multiple numbering times. 
1.3.1.1 Choice of batteries 
 As seen from Figure 1.2, capacitors have high power density but low 
energy density while fuel cells have high energy density and low power 
density. Most importantly, batteries are promising as their energy and power 
densities are moderately high, making them an attractive candidate for electric 
vehicle (EV) applications. For many years, Ni-Cd (Nickel Cadmium) batteries 
were used to power the portable electronics until the development of Ni-MH 
(Nickel metal hydride) and LIBs. Though both these rechargeable storage 
devices were progressing around at the same time (1990) LIBs outperformed 
Ni-MH as well as all the other existing storage technologies Figure 1.3, 
because of their salient features such as (i) high energy density, lightweight 
and design flexibility, (ii) no memory effect, (iii) low maintenance, (iv) 
prolong cycle life, (v) less self-discharge, (vi) less toxic and (vii) wide range 
of applications and operating temperature. The wide range of applicability of 
LIBs surpasses the worldwide values and sales of other batteries. For example, 
LIBs are used for 63% of the portable rechargeable batteries whereas Ni-Cd 
and Ni-MH batteries are only 23 and 14 % respectively. The above mentioned 
prominent features also explain why LIBs receive much more interest at both 
the research level and practical level applications. Adding to this, the choice of 
lithium-ion for rechargeable batteries is mainly attributed to its high 
electropositive behavior (-3.04 V vs. standard hydrogen electrode) and its 
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lightweight (6.94 g mol
-1









Figure 1.3 Comparison of the various rechargeable battery technologies in terms of 



































































































Having discussed the importance of LIB systems, the following section 
will focus on the role of LIBs in EV applications, operating principle of LIBs 
and followed by latest related research trends in electrode materials and 
electrolytes. 
1.4 Lithium-ion batteries for electric vehicles 
 Among various applications of LIBs, the most important application in 
recent times has been its use in electric vehicles. 
1.4.1 Electric vehicles 
Electric vehicles (EVs) are zero emission vehicles in which the 
required energy is supplied by an on-board energy storage system for 
vehicular motion. The weight and volume of LIBs play crucial role for EV 
applications. Besides the weight and volume, LIBs must also fulfill the energy 
and power density
8
 requirements for EV applications (Figure 1.4). Energy 
density (Wh kg
-1
) is the amount of energy stored per unit mass or volume 
while power density (W kg
-1
) is defined as the maximum power that can be 
supplied per unit mass or volume. The range of electric vehicular motion is 
determined by the energy density while the acceleration of the vehicles is 
determined by its power density of the LIB systems. A successful on-board 
energy storage system for EV should satisfy the following requirements:  
 Safety. 
 Low cost. 
 Durability. 






of battery        
(in kWh) 
Weight of 
battery                 
(in kg) 
Distance 
per charge                 
(in km) 







5.6 - 18 60-200 10-60 >100 
Pure electric 
vehicles (EV) 
25-54 450 150-200 >100 
 
Figure 1.4 (a) Ragone plot for plug-in hybrid electric and complete electric vehicles 
in terms of energy density and power density of the lithium-ion battery and (b) 
Characterization of lithium-ion battery for plug-in hybrid electric and electric vehicles 
in terms of capacity of battery, weight of battery, distance per charge and optimum 
speed of the vehicle.
8, 9
 
1.4.2 Lithium-ion battery 
1.4.2.1 Operating principle 
Rechargeable LIBs operate on the principle of 
intercalation/deintercalation in which the Li
+
-ion are inserted/ extracted 
into/from the electrode material accompanied by the addition/removal of 
electrons. Typically, LIB is comprised of two electrochemically active 
materials namely cathode and anode electrodes soaked in liquid electrolyte 
which is an ionic conductor and an electronic insulator. Two electrodes are 
kept apart by a separator membrane to prevent electrical shorting. The 
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electrode at which redox reactions take place at higher potential is known as 
cathodes while the electrode at which the redox reactions occur at lower 
potential is known as anodes. 
 
Figure 1.5 Schematic illustration of the operation of a lithium-ion battery.
7
 
A b tt ry’s p rform n   d p nds on t   n tur  of t     t v  m t r  l, 
operating temperature and the current drain.
10, 11
 The electrical energy of a 
battery expressed either per unit of weight (Wh kg
-1
) which is a product of 
specific capacity (Ah kg
-1
), and voltage (V) of the battery or per unit of 
volume (Wh l
-1
), both of which are completely dependent on the internal 
chemistry of a particular battery system.
10-13
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1M LiPF6 in EC:DEC
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LIBs is shown in Figure 1.5. For this pictorial representation, lithium cobalt 
oxide (LiCoO2) and graphite (C6) are chosen as cathode and an anode material 
respectively while lithium hexaflurophosphate (LiPF6) in ethylene carbonate 





extracted from the cathode travel through the electrolyte and 
get inserted into the anode. This is accompanied by the movement of electrons 
through external circuit to preserve the charge neutrality. The entire process is 
reversed during the discharge operation. Such shuttling of Li
+
 ions between 
the cathode and anode is generally referred to as the rocking chair concept of 
the LIB. The redox reactions that occur at the cathode and anode side are 
summarized in the Equations (1.1-1.3)  
At the cathode  side:                          
                  (1.1) 
At the anode side:                                                              (1.2) 
Overall reaction:                                               (1.3) 
In Equation 1.3, the value of x is limited to 0.5 in LiCoO2 and the 
reason behind this limitation will be discussed in section 1.6.1.1. The open 
circuit voltage (OCV) of the electrochemical cell is the difference in the 
electrochemical potentials of the cathode and anode material during the redox 
reaction and is given by the Equation (1.4).     
   
   
  
  
                       
  
                         (1.4) 
where   is the open circuit voltage,     is the free energy associated 
with the redox reaction,    s t   F r d y’s  onst nt (96485 C mol-1),   is the 
number of electrons that are involved during the redox reaction and 
11 
 
             and            are the electrochemical potentials of the cathode 
and anode material respectively.  
Since the research work undertaken in this thesis mainly focuses on the 
cathode materials for LIBs, more emphasis on the literature survey is given to 
the cathode materials. However, relevant research works in anode materials 
and electrolytes are also discussed briefly. Some of the family of cathode 
materials investigated for LIBs is listed in Table 1.1. Adding to this, 
characteristics data for some the cathode materials are listed in Table 1.2. 
Table 1.1 Families of cathode materials for lithium-ion batteries. 
Lithium metal oxides 








Olivine phosphate Silicates 
LiMPO4 (M=Fe, Mn, Co and Ni) Li2MSiO4 (M=Fe, Mn, Co and Ni) 
Pyrophosphates Borates 
Li2MP2O7 (M=Fe and Mn) LiMBO3 (M=Fe and Mn) 
12 
 






















LiCoO2 4 130-150 Acceptable High 
Stable up to 




LiNiO2 4 220 Acceptable High Unstable Acceptable 
LiNi1/3Mn1/3Co1/3O2 4 180-220 Acceptable High Stable Acceptable 
LiNi1/2Mn1/2O2 4 160-200 Acceptable High Stable Acceptable 
Spinel LiMn2O4 4 130-145 Acceptable Acceptable Stable Good 
 
Olivine 
LiFePO4 3.45 150 Friendly Low Stable Excellent 
LiMnPO4 4.1 150 Acceptable Acceptable Stable Excellent 
13 
 
1.5 Requirements of an ideal cathode material 
 Li extraction/insertion must be highly reversible.  
 High specific capacity. 
 High redox potential. 
 Stable operating voltage window. 
 Should not react with the electrolyte. 
 Low cost. 
 Environmentally friendly. 
  Preferably a high mixed conductor (both ionic and electronic). 
 More than one mole of Li per formula unit. 
 Stable handling in atmosphere (not hygroscopic, not air-
sensitive). 
 Simple and reproducible synthesis. 
 
 
1.6 Research trend in cathode materials  
1.6.1 Layered oxides 
1.6.1.1 Lithium cobalt oxide (LiCoO2) 
 Layered LiCoO2 has been introduced by Goodenough et al.
15
 as a 
pot nt  l   t od  m t r  l for LIBs  n l t  1980’s   L CoO2 has similar 
structure of -NaFeO2 with the lithium ions present in the octahedral sites of 
cubic closed-packed (CCP) lattices.
15
 The crystal structure of LiCoO2 is 
14 
 
shown in Figure 1.6. On complete extraction of Li
+ 
ions, a hexagonal close-
packed (hcp) framework is formed owing to the rearrangement of oxygen 
layers in CoO2.
16
 The theoretical capacity of LiCoO2 is ~274 mAh g
-1
 
assuming complete removal of Li
+ 
ions from layered structure.
17
 However, 
only 0.5 moles of Li
+
 could be removed due to structural changes in the 
LiCoO2, resulting in a low practicable capacity of ~130 mAh g
-1 





 The electrochemical reaction of layered LiCoO2 with lithium in 
the half cell is described in Equation 1.5. Figure 1.7 shows a typical voltage 
profile of commercial layered LiCoO2 cycled between the voltage windows of 
3.0-4.3 V at room temperature. It exhibits an average redox potential of 
approximately 3.9 V with the discharge capacity of 124 mAh g
-1
. LiCoO2 
shows a high Li
+






 and such high diffusivity 
helps to achieving good cyclic performance.
16
 The electronic conductivity of 
LiCoO2 varies significantly with Li
+
-ion extraction which turns it into a 
semiconductor at x = 1, and also it behaves like a metal at x = 0.6 (x is the 
number of mole of Li
+
 ion). Extraction of Li
+
 ions, from LiCoO2 changes the  
layered structure to hexagonal closed-packed CoO2.
16
 Several structural 
changes exist between lithiated LiCoO2 and delithiated CoO2 phases during 
charging above 4.5 V which limits the high current rate applications of this 
material. The CCP oxygen layers move from ABCA to ABA stacking 
arrangement, thus causing a structural change. Owing to these limitations, one 




 A significant increment in the 
capacity about 170 mAh g
-1
 when cycled between 2.75 - 4.4 V has been 






) and coating a metal oxide or 
phosphate on the surface of the particles.
21-25
 Several other research groups 
15 
 
have also investigated extensively on enhancing safety, cyclability and energy 
density.
26-28
 SONY corporation commercialized its first LIB which contains 
LiCoO2 as a cathode and carbon as an anode.
29, 30
 Though LiCoO2 has been 
successfully commercialized, its toxicity, high cost, limited availability and 
safety concerns have paved way for developing alternate cathode materials. 
                       
                (1.5) 
 






Figure 1.7 A typical voltage profile of commercial layered LiCoO2 vs. Li/Li
+
. 
1.6.1.2 Lithium nickel oxide (LiNiO2) 
 The structure of LiNiO2
28, 32
 is similar to LiCoO2 which has the 
theoretical capacity of 274 mAh g
-1
 assuming complete removal of lithium 
ions from the crystal structure. Adding to this, Ni is quite abundant compared 
to Co.
32-34
 The electrochemical reaction of LiNiO2 with lithium in the half cell 
is shown in Equation 1.6. The diffusion of Li
+













) which favors high 
current rate operation.
35
 However, the practical capacities are in the range 150-
160 mAh g
-1
 in the voltage window 2.5 V- 4.1 V.
17
 Most importantly, using 
pure LiNiO2 as a cathode in batteries has been challenging as excess 
stoichiometry of Ni in the structure is generally observed after synthesis of this 
compound.
36
 Excess of Ni
2+
 ions in the lithium layer clips the NiO2 layers 
together resulting in a blockage for the Li
+
-ion mobility and suppresses the 
rate capability of the material.
37
 Further, after extraction, Ni
3+
 ions in the 
lithium ion layer exhibit a strong repulsive force during insertion which stops 
the deintercalation of Li
+
-ion in the lattices.
33
 Pure LiNiO2 shows poor thermal 
LiCoO2 vs. Li/Li
+




























stability with strong exothermic peaks observed at 200 ºC.
38
 Several groups 
have attempted to surmount the drawbacks of LiNiO2 by doping experiments 























 doped LiNiO2 showed significant 
improvement in the thermal stability and in stabilizing the structure of LiNiO2. 
39, 40
 
                       
                (1.6) 
1.6.1.3 Mixed transition metal layered oxides (LiNi1/2Mn1/2O2 and 
LiNi1/3Mn1/3Co1/3O2) 
 Mixed transition metal layered oxide has received much interest in the 
past decade as potential cathode materials. Layered LiNi1/2Mn1/2O2 was first 
reported by Dahn et al.
41,42
 The theoretical capacity of this layered compound 
is ~280 mAh g
-1 
based on one electron transfer per formula unit.
43
 Further, this 
layered oxide delivers capacities of only ~200 mAh g
-1
 in the voltage window 
2.5 - 4.5 V with much better rate capability.
44-49
 Layered LiNi1/3Mn1/3Co1/3O2 
was first reported by Ozhuku et al.
50
 The theoretical capacity of 
LiNi1/3Mn1/3Co1/3O2 is 278 mAh g
-1
. This mixed layered oxide delivers 
capacity of ~200 mAh g
-1
 with better rate capability in the voltage window 2.5 
- 4.6 V compared to other layered oxide compounds discussed.
51-57
 The overall 
electrochemical reactions of LiNi1/2Mn1/2O2 and LiNi1/3Mn1/3Co1/3O2 with 
lithium in the half cell are shown in Equation 1.7-1.8 respectively. 
                                     
                   (1.7) 
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   (1.8) 
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1.6.2 Spinel oxides  
1.6.2.1 Lithium manganese oxide (LiMn2O4) 
 Unlike two dimensional layered lithium hosts namely LiCoO2 and 
LiNiO2, manganese based compound does not form layered LiMnO2, it forms 
three dimensional spinel structure LiMn2O4. Spinel LiMn2O4 have been 
strongly pursued as cathodes primarily because of the high operating potential 
and high storage capacity.
40, 58, 59
 The original work was first proposed by 
Thackeray et al.
60










Figure 1.9 A typical voltage profile of commercial spinel LiMn2O4 vs. Li/Li
+
. 
The general molecular formula of spinel oxides are A[B2]X4 in which 
A is the occupancy of cations in the tetrahedral sites while B is the occupancy 
of cations in the octahedral sites and X represents the anions in the tetrahedral 
sites.
62, 63
 The crystal structure of spinel LiMn2O4 is shown in Figure 1.8. This 
can be described as face-centered cubic close-packed oxygen in which lithium 
and manganese occupy 8a tetrahedral sites and 16a octahedral sites. Lithium 
ions in tetrahedral sites could be reversibly extracted and inserted which 
transforms cubic LiMn2O4 to cubic -MnO2. On the other hand, when more 
lithium ions extracted and inserted into 16c octahedral sites at redox potential 
~2.8 V reversibly, cubic LiMn2O4 transforms to lithium rich tetragonal 
structure. The overall electrochemical redox reaction is given below in 
Equation 1.9,
64, 65
         
                                                                               
               
                              
          (1.9) 






























The extraction of Li
+
 ions at 4.0 V is escorted by the phase formation 
of delithiated Li1-xMn2O4 due to the ordering of Li
+ 
ions in the tetrahedral sites 
while at 2.8 V remaining Li
+ 
ions are inserted into the empty octahedral sites 
resulting in an asymmetric lattice distortion. This lattice distortion is caused by 
the Jahn-Teller distortions of the Mn
3+
 ions which results in the phase 
transition from cubic phase to tetragonal phase.
66
 
Spinel LiMn2O4 has the following limitations 
 Mn dissolution in the electrolyte owing to disproportionation of Mn3+ ions 
and then Mn
2+
 ions get reduced on the surface of anode.
67, 68
  
 Jahn-Teller distortion of Mn3+ ions.69, 70 
 Instability of cubic LixMn2O4 (x<0 1) tr nsform n  to λ-MnO2 due to 
complete extraction of lithium ions.
71, 72
 
Further, at high temperature operation (>50 °C), it exhibits the capacity 
fading.
73
 Considerable effects have been made to enhance the cyclability of 












), surface coating 
(AlPO4), changing the LiPF6 electrolyte to LiBOB (lithium bis(oxalato)borate) 
and electrolyte additives.
33, 73-82
 Spinel LiMn2O4 has been considered to be a 
promising next generation cathode material owing to the fact that it is cheap 
and environmental friendly compared to layered LiCoO2 and LiNiO2 and 





 However, it delivers a capacity of ~130 mAh g
-1 
only. Figure 1.9 
shows the charge and discharge profile of spinel cycled between the voltage 
windows of 3.0-4.6 V at room temperature. It exhibits a redox potential of 






1.6.3 Olivine phosphates 
1.6.3.1 Lithium iron phosphate (LiFePO4) 
The intrinsic toxicity, high cost and chemical instability along with the 
safety issues of layered LiCoO2 has triggered serious research towards 
alternative cathode materials which contains iron and manganese transition 
metals polyanion-based compounds. The major breakthrough in this aspect 
was the by Padhi et al.
13, 85
 olivine structured LiFePO4.
13, 86
 This material 
satisfies all the above mentioned demands of a potential cathode material for 
high energy density LIBs.
86
  Its strong covalent P-O bonds which ensures 
intrinsic structural stability and limit the release of oxygen during the cycling 




 This Fe-containing polyanion offers lower 
redox potential for the redox couples by an inductive effect.
13
 Furthermore, the 
r l t v   bund n   of F   nd P on t     rt ’s  rust   s f vor d t   
commercialization of this battery material.
88





 at room temperature).
89-91
 The crystal 
structure of olivine LiFePO4 is shown in Figure 1.10. In LiFePO4, the O
2-
 ions 
are connected to the P
5- 
ions by strong covalent bond. The olivine structure 
contains a distorted hexagonal close-packing of oxygen anions with three 
cations occupying the interstitial sites namely corner-sharing FeO6 octahedra 
perpendicular to the a axis, edge-sharing LiO6 octahedra aligned in parallel 





exhibits a theoretical capacity of 170 mAh g
-1
 with a flat voltage 
profile at ~3.45 V vs. Li/Li
+





 x 3.45 V) which is as good as conventional layered LiCoO2.
94
 Figure 
1.11 shows the typical voltage profile of in-house synthesized olivine LiFePO4 
22 
 
cycled between the voltage windows of 2.3 - 4.3 V at room temperature. In 
phospho-olivine, there is co-existence of two phases,
95-97
 resulting in a flat 
voltage profile with the discharge capacity of ~165 mAh g
-1
 (Figure 1.11), 
and this property feature is the unique of this cathode material. The overall 
electrochemical redox reaction of LiFePO4 is given below in Equation 1.10. 
Initially, high capacity at high current rate was thought to be almost 
impossible due to the sluggish kinetics.
98-100
 Considerable improvements in the 
lithium storage performance of LiFePO4 have been realized by carbon 
coating,
101-107
 reducing the particle in nano-meter scale,









cations substitution in transition metal sites,
92, 93, 114-117
 carbothermal reduction 
of LiFePO4 with carbon on the surface,
118
 and off-stoichiometry of active 
material with conductive phase on the surface of the particles.
119
  
                         
                               (1.10) 
 






Figure 1.11 A typical voltage profile of in-house synthesized LiFePO4 vs. Li/Li
+
. 
1.6.3.2 Lithium manganese phosphate (LiMnPO4) 
Olivine LiMnPO4 offers a competitive gain in specific energy of 701 Wh 
kg
-1
 (171 mAh g
-1




 redox couple potential 
around 4.1 V vs. Li/Li
+
, which is ~0.65 V higher than that of LiFePO4 and 
importantly compatible with the commercial electrolytes unlike high potential 
cathodes such as LiCoPO4 and LiNiPO4.
13, 90, 108, 120-125
 The crystal structure of 
olivine LiMnPO4 is shown in Figure 1.12. The O
2-
 ions are connected to the 
P
5- 
ions by strong covalent bond. The olivine structure contains a distorted    
hexagonal close-packing of oxygen anions with three cations occupying the 
interstitial sites namely corner-sharing MnO6 octahedra, edge-sharing LiO6 
octahedra and tetrahedral PO4 groups connecting neighboring planes.
13, 85
 The 
overall electrochemical redox reaction of LiMnPO4 is given below in 
Equation 1.11. Despite high OCV, the current durability in LiMnPO4 is 
orders of magnitude lower to that in LiFePO4, thus the effective energy 
density of LiMnPO4 is smaller than that of LiFePO4.
89, 90, 126
 Futher, deploying 
































LiMnPO4 as cathode material in lithium-ion batteries pose many serious 
challenges such as (i) poor electronic conductivity (~3x10 
− 9
 S cm 
– 1
 at 300 
°
C) and ionic diffusivity,
89, 91, 127, 128
 (ii)  strong polarons,
127
 (iii) Jahn-Teller 
distortion in charged state
129
 and (iv) interfacial strain between the LiMnPO4 
and MnPO4 phases.
130
 Previous reports in the literature 
13, 94, 131, 132
 have also 
suggested that a complete extraction of Li
+
-ion from LiMnPO4 is not possible.  
All these factors lead to poor lithium storage performance in LiMnPO4. This 
has led to the research to focus on improving the performance LiFePO4 rather 
than using higher potential LiMnPO4. More than thausands of papers have 
been published on LiFePO4 in the past 10 years. On the other hand, literature 
for promising LiMnPO4 cathode is limited. To improve the storage 










 spray pyrolysis with wet ball milling,
137-139















 Despite these efforts, only few groups have attained 
storage capacity of more than 120 mAh g
-1
 in LiMnPO4 
108, 121, 133, 137, 140-145, 147, 
149-154
 by employing Constant Current-Constant Voltage (CCCV) mode of 
charging in which the cells are fully charged and held at the upper cut-off 
voltage for a long time. Figure 1.13 represents the voltage profile of in-house 
synthesized LiMnPO4 vs. Li/Li
+
 cycled between the voltage windows of 2.3 - 














                         
                (1.11) 
 









































1.6.3.3 Multicomponent olivine phosphate 
(a) LiMn1-xFexPO4 solid solution 
Nano-structuring, carbon coatings, and synthesizing the material in 
favorable morphology have helped in enhancing the electrochemical 
performance of LiMnPO4.
134, 156-159
 Besides this, the electrochemical 
performances of LiMnPO4 have also been enhanced by forming solid solutions 





mixed transition metal phospho-olivine LiMnxFe1-xPO4 has drawn 
considerable attention as it exhibits improved bulk conductivity.
163-167
 Several 
reports on the electrochemical performance of LiMnxFe1-xPO4 (x = 0.25, 0.50 
and 0.75) solid solution have reported that the manganese rich [LiMnxFe1-xPO4 
(x > 0.75)] component are not appropriate cathode material for LIBs owing to 
its sluggish manganese activity and huge anisotropic distortion of Mn
3+
 in the 
charge state.
13, 120, 131, 160, 168, 169
 In contrast, the latest report by Martha et al.
161
 
and Wang et al.
170
 have demonstrated that the Mn rich component [LiMnxFe1-
xPO4 (x = 0.8 or 0.75)] can be an excellent advanced cathode material for 
LIBs. Further, a study on LiMnxFe1-xPO4 by Molenda et al.
164, 171
 evidently 
shows manganese is more electrochemically active and better utilization of 
Mn rich mixed Mn-Fe transition metal phospho-olivine than LiMnPO4 owing 





theoretical work by Seo et al.
172
 revealed that the substitution of transition 
metal ions in LiMnPO4 could suppress the Jahn-Teller distortion and enable 
faster mobility of electrons which is localized in Mn
3+
 ions. Furthermore, the 
ratios of Fe and Mn in the solid solution have been to have shown positive 
influence on the rate performance.
161, 166
 Adding to this, LiFe1-xCoxPO4, 
27 
 
LiMn1-xCoxPO4 and LiCo1/3Mn1/3Fe1/3PO4 solid solutions are also promising 




 redox couple (~ 4.8 V), thus 
increasing the energy density.
160, 173
 
(b) Redox shift in LiMnxFe1-xPO4 solid solution 
The changes in the overall cell potential and energy density of 
multicomponent LiMn1-xFexPO4/C solid solution could be demonstrated by 




 redox in the electrode 


















Figure1.15 shows the typical voltage profile of LiMnxFe1-xPO4 (x = 0, 
0.2, 0.50 and 0.8) vs. Li/Li
+









 redox couples are seen. The huge reduction in the 





region and improved electrochemical performance could be attributed to Fe-
O-Mn superexchange interaction, lower activation energy and electronic 
LiMnPO4 LiMn0.8Fe0.2PO4 LiMn0.5Fe0.5PO4 LiMn0.2Fe0.8PO4 LiFePO4
Li / Li+








































































) of solid solution phospho-
olivines.
13, 120, 134, 164, 171, 174
 
The overall electrochemical redox reaction of mixed-transition metal 
LiMnxFe1-xPO4 is given below in Equation 1.12. 
                                     
            (1.12) 
 
Figure1.15 A typical voltage profiles of in-house synthesized LiMnxFe1-xPO4 (x = 0, 





(c) LiMn1-xMxPO4 (M = Cation doping) 
Partial substitution of cations enables to enhance the storage 
performance of LiMnPO4 without compromising on the energy density 
significantly as the presence of dopant is much smaller and is not reflected in 
the voltage profiles.
135, 137, 150, 151, 176-182
 Kim et al.
180
 demonstrated the 
nucleation enhancer concept in enhancing the lithium storage performance of 




. Chen et al.
176, 178
 showed 
that the presence of cations in the LiMnPO4 improved the conversion of 
delithiated phase. Further, Mg
2+ 
doping improved the structural stability of the 




























































































































delithiated phase. Lee et al.
177
, Yang et al.
183
 , Yi et al.
181
 and Shiratsuchi et 
al.
151

















) in enhancing the electrochemical 
performance of LiMnPO4. 
1.6.3.4 Lithium cobalt and nickel phosphate (LiCoPO4 and LiNiPO4) 




 (M= Ni > Co > Mn > Fe) 
redox couple varies based on the inductive effect between transition metals 
and P-O bonding in olivine phosphate.
13, 90, 184, 185
 Further, the redox potential 
of various polyanion based intercalation compound was predicted using ab-
initio calculation.
186, 187
 Potential limitation of LiFePO4 paved way to 
investigate high voltage olivine cathode such as LiCoPO4 and LiNiPO4. The 




 Despite this merits, the redox potential of LiCoPO4 and 
LiNiPO4 cathode material are too high for oxidation potentials of existing 
electrolytes.
184
 The theoretical energy density of LiCoPO4 is 800 Wh g
-1
 by 











 Amine et al.
185
 showed a lithium storage perforamance of 70 
mAh g
-1
 with the redox potential of ~4.8 V. This poor discharge capacity is 
attributed to the low intrinsic electronic and ionic conductivity and also due to 
the low oxidation potential of exiting electrolyte. Yang et al.
193
 demonstrated 
that the enhancement in the electronic conductivity by carbon coating is 
difficult in LiCoPO4 unlike LiFePO4 and LiMnPO4. Rabanal et al.
195
 showed 
the improvement in the ionic diffusivity of LiCoPO4 by ball milling approach. 
Han et al.
196
 simplified the synthesis process by ball mill assited microwave 
heating. Lloris et al.
190





 using excess lithium sources during the synthesis. Further, the lithium 
storage performance of LiCoPO4 is improved by partial substitution of Fe or 
V.
173, 196
 Bramnik et al.
197
 showed that the completely delithiated phase 
appears to be unstable and undergoes amorphization. The phase transitions are 
reversible, but the slow kinetics accompanied with the electrolyte 
decomposition contributed to the capacity loss upon cycling. Markevich et 
al.
198
 demonstrated the reason for capacity fading of LiCoPO4 in 1M LiPF6 
EC: DMC electrolyte solution by spectroscopy studies. The poor lithium 
storage perofromance of LiCoPO4 is due to the nucleophillic attack of F
-
 on 
the P atoms, resulting in deformation of P-O bonds. Considerable research 
needs to be done to find out a higher oxidation potential electrolyte for high 
voltage LiNiPO4 (5.1 V) material.
184, 192, 199
 Hence, high voltage olivine 
phosphates could be used for relevant applications only if right electrolytes are 
developed in the future.The overall electrochemical redox reaction of high 
potential LiCoPO4 and LiNiPO4 is given below in Equation 1.13. 
                       
                           (1.13) 
1.6.4 Lithium metal silicates 
Polyanion-based transition metal compound have been considered as 
an alternative to the existing toxic and expensive intercalation layered cathode 
material, due to their thermal stability and also their inherent safety which 
arises from the strong oxygen bonding (covalent bond) within the polyanion. 
Besides this, the possibility of high redox potential due to inductive effect is 
also an attractive feature of polyanion cathode materials.
13
 Among various 
polyanion-based compounds, LiFePO4 is the most studied cathode material. 
However, the lithium storage capacity is limited to 170 mAh g
-1
 and redox 
31 
 
potential about 3.45 V.
13, 106
 Recently, silicate-based cathode materials, 
Li2MSiO4 (M = Fe, Mn, Co and Ni) have been proposed as an attractive 
cathode material.
200-203
 These compounds are related to the orthorhombic 
Li3PO4 structure and belong to the large family of tetrahedral structure which 
exhibits rich polymorphism.
186, 201-206
 Adding to this, being highly abundant, 
cost effective, environmental friendly, safe and thermally stable, the 
possibility of exchanging two moles of lithium ions in Li2MSiO4 with 
theoretical capacity of 333 mAh g
-1
 (assuming 2 moles Li
+
 ions extraction) has 
attracted much research within the battery community.
207-212
 Among the 
silicate cathodes, Li2FeSiO4 and Li2MnSiO4 are more attractive than other 
cathode members.
201, 204, 210, 213-216
 Most commonly, Si(OC2H5)4 (TEOS), 
Li(CH3COO), and transition metal acetates/oxalates were used as precursors to 
synthesize these compounds. 
1.6.4.1 Lithium iron silicate (Li2FeSiO4) 
Lithium iron silicate is relatively cheap compared to lithium iron 
phosphate owing to cheap elements such as Fe and Si in the compound and it 
has very stable structure owing to covalently bonded Si-O.
201, 203, 204, 210
 







the theoretical capacity of Li2FeSiO4 is limited to ~170 mAh g
-1
 and its 
relatively low practical potential (2.8 V after the first cycle), leading to the 




 The overall electrochemical redox 
reaction of Li2FeSiO4 is given below in Equation 1.14. Further, the synthesis 
of pure Li2FeSiO4 is not facile owing to rich polymorphs.
206, 216, 219, 223-225
 
Hence, rapid synthesis of pure lithium iron silicates with good electrochemical 
performances still remains a challenge. The substitution of other transition 
32 
 






 is required to facilitate 
the removal of two moles of Li
+












 and results in extraction of 2 moles of lithium ions. Most of 







transitions, they appear to occur only on charging. The 
potential curve observed on the subsequent reduction cycle has a capacity 
fading, suggesting that the structural change during charging cycle.
200, 203
  
                            
             (1.14) 
Solid state reaction is the most commonly used method for 
synthesizing these materials which includes grinding and calcining the starting 









 were also 
synthesized by this method. Gong et al.
220
 demonstrated a hydrothermal-
assisted sol-gel method to synthesize carbon coated nano-structured 
Li2FeSiO4/C and synthesized mixed transition metal Li2MnxFe1-xSiO4 
successfully. Li2FeSiO4 cathode material was also synthesized using Pechini 
method
211
 and modified sol-gel method.
218
 Dominko et al.
203
 showed that 
Li2FeSiO4 could be prepared by hydrothermal method. Muraliganth et al.
229
 
demonstrated that Li2FeSiO4 could be synthesized by microwave-assisted 
solvothermal method. Dongping et al.
230
 showed that more than one mole of  
lithium ion could be extracted/inserted into Li2FeSiO4 structure, delivers an 
enhanced discharge capacity of ~220 mA h g−1, when it is cycled between 1.5–
4.8 V. Recently, Chen et al.
231
 reported highest lithium storage performance of 
254 mAh g
-1
 corresponding to 77.5% utilization of its theoretical capacity at 
33 
 
room temperature with excellent cycling stability (500 cycles) and rate 
capability (up to 40C). Nadherna et al.
232
 demonstrated the electrochemical 
performance of Li2FeSiO4 at elevated temperature using ionic liquids. Armand 
et al.
233
 performed first principles calculations to investigate the effect of N for 
O substitution on the electrochemical properties of Li2FeSiO4. They found that 
the lithium ions insertion potential associated to the Fe3+/Fe4+ redox couple 
could be decreased by N substitution.  
1.6.4.2 Lithium manganese silicate (Li2MnSiO4) 
Li2MnSiO4 material is most attractive than Li2FeSiO4 due to the 






 redox chemistry and thus 
achieving a higher capacity.
204, 234
  The overall electrochemical redox reaction 
of Li2MnSiO4 is given below in Equation 1.15. However, the complete 
reversible extraction/insertion of lithium is yet a challenge due to structural 
instability caused by Jahn-Teller distortion during cycling and amorphization 
upon cycling.
200, 235, 236
 As mentioned, lithium manganese silicates are known 
to exhibit rich polymorphs owing to a range of crystal chemistry.
200-204, 211, 217, 
223, 237
 However, synthesis of single phase without impurity has been 
challenging until now
200, 203, 211, 223, 229, 235, 237-240
 and so far only four 
polymorphs have been isolated. However, it is not straight forward to isolate 
these polymorphs owing to small difference in the formation energy between 
the polymorphs.
211
 Different polymorphs could be achieved during the 
synthesis of Li2MnSiO4 materials by controlling the temperature, pressure, 
temperature ramp up rate and ramp down rate of the synthesis and post-
treatment of the materials.
211
 For example, two low temperature polymorphs 
Pmn21 and Pmnb with an orthorhombic structure,
200, 203
 a high temperature 
34 
 
P21/n polymorph with a monoclinic structure
212
 and a meta-stable monoclinic 
Pn polymorph
241
 have been reported earlier. For instance, the crystal structure 
of low temperature Pmn21 and high temperature P21/n polymorphs are shown 
in Figure 1.16. All crystal structures are based on distorted hexagonal close-
packed oxygen ions with cations in distorted corner sharing tetrahedra, 
however they differ in the tetrahedral cations orientation (MnO4-SiO4 
chains).
242
 Pmn21 polymorph has their MnO4 and SiO4 tetrahedra all pointing 
in the same direction. In P21/n polymorph, half of the MnO4 and SiO4 
tetrahedra point towards in one direction while the other half in the 
opposite.
242
 The structural investigation using 
6
Li MAS NMR spectroscopy 
with first-principle calculation offers better understanding on the structural 
differences among various polymorphs of Li2MnSiO4.
237
 In literature, more 
than one mole of lithium extraction and insertion reaction was reported for low 
temperature polymorphs Pmn21 at room temperature
226, 236, 239, 243, 244
 and for 
high temperature polymorphs (P21/n) at elevated temperature.
239, 240, 245
 
Further, Fisher et al.
242
 showed that the Pmn21  polymorph has simplest Li-ion 
migration pathway and lower energy barrier due to high symmetry of Li sites 
in the unit cells. This is in contrast; P21/n which has two symmetrically 
distinct Li sites in the unit cells, whose formation energies are slightly 
different resulting in complex migration pathway for Li
+
-ions.  
                            




Figure 1.16 Crystal structure of Li2MnSiO4, (a) Pmn21 orthorhombic structure and 
(b) P21/n monoclinic structure. 









 Initial studies on Li2MnSiO4 reported 
the extraction/insertion of less than one mole Li
+
 ions per formula unit owing 
to its poor conductivity.
200, 203, 246
 There are reports which showed the 
extraction/insertion of more than one mole Li
+
-ions per formula unit with 
lithium storage capacity exceeding 200 mAh g
-1
. For instance, (a) the 
extraction/insertion of 1.25 lithium ions per formula unit with a discharge 
capacity of 209 mAh g
-1
 demonstrated for carbon coated nano-composite 
Li2MnSiO4,
236
 (ii) a storage capacity of 293 and 313 mAh g
-1
 reported for 





 and (iii) a storage capacity of 210 and 250 
mAh g
-1





 The extraction/insertion of Li
+
 ion per 
formula unit in the above reports was accomplished at wide voltage window 
1.5-4.5 V or at elevated temperature. They also proved that such a high 







). Kuezma et al.
240
 reported a flat extraction/insertion plateau 
for high temperature P21/n polymorph of Li2MnSiO4 attained by microwave 
36 
 
assisted solvothermal method. Though high temperature P21/n polymorph of 
Li2MnSiO4 exhibited high capacity with flat voltage profile at elevated 
temperature, it suffers from severe capacity fade. Devaraj et al.
239
 showed flat 
charge/discharge plateau for low temperature Pmn21 polymorph Li2MnSiO4/C 
with extraction/insertion of 1.5 Li
+
-ions per formula unit at room temperature 
in a narrow potential window 2.0–4.5 V. Ex-situ XPS study confirms that the 







. Li et al.
236
 showed a sol-gel method to prepare Li2MnSiO4/C 










A typical voltage profile of an in-house synthesized low temperature 
Pmn21 polymorph of Li2MnSiO4 is shown in Figure 1.17 in which discharge 
capacity much higher than the transition metal phosphate was achieved.
209
  
1.6.5 Lithium iron and manganese pyrophosphates (Li2FeP2O7 and 
Li2MnP2O7) 
 After intense research on lithium metal phosphates, recently attention 
has been shifted to a novel polyanion-based lithium metal pyrophosphates 
cathode with the general molecular formula Li2MP2O7 (M= Fe, Mn, Co and 



































 Pyrophosphates have two dimensional diffusional channels for 
lithium ions in sharp contrast to LiFePO4.
13, 253
 Most interestingly, 
pyrophosphates offer the possibility of a two electron redox reaction.
250
 The 
overall electrochemical redox reaction of Li2MP2O7 (M= Fe, Mn, Co and Ni) 
is given below in Equation 1.16. Lee et al.
249
 have showed that from 
migration energy calculation, it was found that the Li2MP2O7 without partial 
occupation have a two dimensional Li
+
-ions pathway while the condition of 
partial occupancies of Li
+
-ions and transition metal ions, the diffusion pathway 
of Li
+
 ions is a three dimensional. Ye et al.
254





 redox potential at ~4.0 V vs. Li/Li
+
 in mixed 
transition metal Li2MxFe1–xP2O7 (M = Mn, Co and Mg) phases with a 





3.5 V is believed to be possible by the existence of more electronegative and it 
was stabilized by doping. Nishimura et al.
250
 reported high discharge capacity 
around 110 mAh g
-1
 at 0.05C without any carbon coating and nano-sizing. 
Saito et al.
255
 reported high discharge capacities of 97 and 104 mAh g
-1
 at 
0.1C respectively for carbon coated Li2FeP2O7 and Mg-doped Li2FeP2O7. 
Tamaru et al. demonstrated high potential Li2MnP2O7 which displays 
Mn3+/Mn2+ redox potential at 4.45 V vs. Li/Li
+
. This is the highest potential 
cathode ever obtained for the Mn3+/Mn2+ redox couple. Nishimura et al.
256
 
synthesized a new polymorph of Li2MnP2O7 (-Li2MnP2O7) which exhibits 
reversible electrochemical activity at 4.0 V vs. Li/Li
+
. 
                        
                      (1.16) 
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1.6.6 Lithium iron and manganese borates (LiFeBO3 and LiMnBO3) 
 Another new class of cathode materials is lithium metal borates with 
the general formula LiMBO3 (M = Fe and Mn). This material was first 
introduced by Legagneur et al.
257
 Borates have the following advantages over 
phosphates, (i) it has a lower molecular weight (58.8 g mol
-1
) as compared to 




 (ii) theoretical capacity of LiFeBO3 
is 220 mAh g
-1




 (iii) true density of 
borates (3.46 g cm
-3
) and phosphates (3.45 g cm
-3
) are almost the same, (iv) 
smaller triangle anion of borates only occupies lower volume resulting in 
higher volumetric energy density,
258












lithium metal borates are promising from an energy density viewpoint, they 
are prone to surface poisoning upon exposure to air and thus synthesizing 







 and mixed-metal compounds LiMnxFe1–xBO3 
have also been reported.
262
 The overall electrochemical redox reaction of 
LiMBO3 (M= Fe and Mn) is given below in Equation 1.17. 
                     
                    (1.17) 
 Having discussed the prominent families of cathode materials and the 
research trends in the context of LIBs, the following section deals with the 
literature review on the anode materials for LIBs. Based on the mechanism of 
lithium storage, the anode materials are generally classified into three types 




1.7 Requirements of an ideal anode material 
 High lithium storage performance. 
 Fast extraction/insertion kinetics. 
 Low structural changes during insertion/extraction. 
 Most favorable low potential. 
1.8 Research trend in anode materials  
Some of the family of anode materials investigated for LIBs is listed in Table 
1.3. 










1.9 Insertion hosts 
1.9.1 Carbonaceous materials 
1.9.1.1 Graphite 
 Among the various anode materials that have been studied for LIBs, 
graphite anode is the successful material that has entered into consumer 
market. The lithium intercalation mechanism in graphite happens by a staging 
40 
 
reaction in which the lithium ions first intercalates into particular layers before 
reaching the neighboring layers.
263
 Lithium insertion between the layers of 
graphite results in an increase in interlayer spacing without disturbing the 
prearrangement of carbon atoms within the layers.
264
 The end product after 





 Despite all advantages such as abundance and excellent storage 
performance, employing graphite as anode in LIBs threatens the overall safety 
of the storage system especially while charging at high current rates. This is 
owing to the low insertion potential of graphite being close to 0 V. At high 
current rates, lithium plating occurs on the anode surface due to polarization, 
leading to dendritic formation which penetrates the separator resulting in 
electrical shorting and thermal runaway.  
1.9.1.2 Carbon nanotubes 
 Carbon nanotubes (CNTs) have been investigated as anode materials 
for LIBs.
268-271
 In CNTs, lithium intercalation occurs by means of effective 
diffusion of lithium ions into the sites in the nanotube surface via side walls. 
The theoretical capacities of single wall carbon nanotubes is ~1116 mAh g
-1
 
(LiC2) which is much higher than graphite.
263, 272
 The lithium storage 
performance of CNTs purely depends on the morphology and method of 
synthesis. CNTs with bamboo like morphology 
273
 delivers capacity of ~135 
mAh g
-1
 while arc like morphology
274





 demonstrated excellent lithium storage capacity of ~1400 mAh g
-
1
. Chen et al.
276
 showed that the ball milled sample could storage huge amount 
of lithium due to faster lithium ion diffusion and defects that has been created 
during milling. Though the storage capacity of carbon nanotubes is huge, the 
41 
 
mechanism of intercalation into the sites of CNTs is not documented clearly in 
literature. It is assumed that the interspace/space between the tubes could be 
the intercalation sites for lithium ions.
263
 Although carbon nanotubes offers 
several advantages namely mechanical strength, robustness and durability, 
their laborious preparation process and low yield hampers its 
commercialization in LIBs. 
1.9.1.3 Graphene  
Graphene consists of free standing sheet of sp
2 
carbon. Graphene was 
first invented by Novoselov et al.
277
 in 2004. The honeycomb network forms 
the basis of several allotropes such as 3D stacked graphene, rolled graphene 
(1D nanotubes) and wrapped grapheme (0D nanotubes).
263, 278
 The chemical 
and structural understanding is rudimentary.
279
 The lithium storage capacity of 
graphene has expected to be higher than that of graphite owing to lithium ions 
adsorption which occuring on both sides of the graphene sheets.
280-284
 Density 
calculation showed that the 0.7 nm graphene sheets could possibly deliver 
highest storage capacity (Li4C6).
285
 Lian et al.
286
 demonstrated the capacity of 
1264 mAh g
-1
 at high current rates and it also showed a good cycling 
performance.   
1.9.2 Lithium titanate  
 A solution to overcome the safety issues related to the low potential 
graphite is the use of slightly high redox potential anode materials (>1 V), 
where thermodynamically the lithium dendrite formation is not feasible. The 
original works on spinel Li4Ti5O12 anode material was initiated by Thackeray 
et al, Ozhuku et al, and Dahn et al
287-289





 operates at 1.55 V vs. Li/Li
+
. Li4Ti5O12 is categorized 
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by a defect spinel structure  m3Fd  in which the lithium ions occupy 8(a) sites, 
titanium ions occupy octahedral 16(d) sites and oxygen ions occupy 32(e) sites 









within the octahedral sites, leading to a topotactic transition 
between Li4Ti5O12 and Li7Ti5O12. Colbow et al.
290
 reported that both the 
LiTi2O4 and Li4Ti5O12 showed the intercalation potential of 1.36 V and 1.55 V 
respectively.
291
 The specific capacity of Li4Ti5O12 is limited by the available 
octahedral sites for lithium ion insertion which is 175 mAh g
-1 
corresponding 
to insertion of 3 moles of lithium ion. Spinel Li4Ti5O12 has 3D network 
channels to intercalate into the empty octahedral sites and it shows zero 
expansion.
292, 293
 Hence, it makes them a good candidate for LIBs as anode. 
However, the electronic conductivity of this anode material is poor due to 
empty 3d orbital.
294
 Hence, to achieve good electrochemical performance at 
high current rates it is important to improve the electronic conductivity. 
Significant contribution has been made by several research groups to enhance 
the electronic conductivity of spinel Li4Ti5O12. The lithium storage 
performance of spinel was improved by (i) preparing the material in nano-size 





























) doping in Li, Ti 
and O sites.
295
 Further, surface modification by carbon, Ag, CNT and TiN 
(nitridation) has been made to improve the electronic conductivity.
295
 
Borghols et al. reported the storage behavior in Li4Ti5O12 particles of various 
sizes namely 12 nm and 31 nm.
296
 Feckl et al. showed excellent high rate 
performance up to 800C using nano Li4Ti5O12.
297
 Figure 1.18 shows the 
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voltage profile of in-house synthesized spinel Li4Ti5O12 with the average 










Spinel Li4Ti5O12 has gained significant attention due to the following 
advantages
287, 288
 namely slightly high redox potential,
84, 287





 state of charge indication.
301
 Figure 1.19 illustrates the overall 
potential of a battery which consists of spinel Li4Ti5O12 and various cathode 
materials.  
 





















































































For example, the electrochemical performance of full cell consisting of 
LiMn2O4 with Li4Ti5O12 showed excellent retention about 82% upon 5000 
cycles at 4C
302
 while the full cell with LiNi0.5Mn1.5O4 vs. Li4Ti5O12 retains 
83% of its initial capacity after 1000 cycles.
303
 Reale et al.
304
 demonstrated 
full cell performance by combining LiFePO4 vs.Li4Ti5O12. Despite all the 
advantages, the high redox potential and low storage capacity limits its 
applications. 
1.9.3 Titanium dioxide 
 In search of exploring potential anode materials with safety, TiO2 have 
been a subject of research as an anode material for LIBs for a long time. 
Similar to spinel Li4Ti5O12, the redox potential of Li
+
 ions in TiO2 occurs at 
~1.75 V vs. Li/Li
+ 
and hence eliminating the possibility of dendrites and SEI 
formation. Adding to this, the theoretical storage capacity is 335 mAh g 
-1 




 Now, 8 







 are well studied polymorph for LIBs. Figure 
1.20 shows a typical voltage profile of an in-house synthesized TiO2 (anatase) 
in which Li
+










1.10 Mechanism of conversion reaction 
 Owing to capacity limitation in insertion host, new mechanisms and 
materials that could allow higher Li
+
 uptake were actively studied. On this 
line, lithium storage by conversion reaction
314
 has attracted much attention as 
it allows more than one mole of lithium storage per formula unit. 
Poizot et al.
314
 reported lithium storage by conversion reaction in 
various transition metal oxides (TMOs). The reversible lithium storage was 
shown to occur at low potential up to 0.01 V. The mechanism of conversion 
reaction is summarized in Equation 1.18 
                                  (1.18) 
where A = transition metal, B = anion (O, S, F, N and P), n = oxidation state 
of B. During discharge (lithium uptake), transition metal oxides are reduced 
into nano-composites of transition metal embedded in an amorphous Li2O 
matrix. The reverse reaction (lithium extraction) results in the formation of the 
nano-size transition metal oxide.
315, 316
 The reversible lithium storage is 
attributed to the nanometric size of the transition metal particles which easily 
converted into LinB matrix upon lithium removal.
317





































1.10.1 Conversion reaction on selected transition metal oxides  
Transition metal oxides are well-studied materials for lithium storage 
by conversion reaction for LIBs owing to its availability and ease of synthesis. 
The advantages of conversion mechanism over graphite anodes are (i) high 
storage capacity, atleast 2-3 times more than graphite and (ii) higher operating 
potential vs. Li/Li
+
 unlike graphite. Despite these advantages, the process of 
Li
+
 uptake and extraction by conversion reaction in the host is accompanied by 
the huge volume change ~100%,
318
 resulting in electrical disconnections 
between the particles and current collector. Such large volume change causes 
poor electrochemical performance, hampering its practical applications. 
Conversion reaction on selected transition metal oxides is summarized below. 
1.10.1.1 Iron oxides 
 Iron oxides have more advantages when compared to other transition 
metal oxides as they are cheap, easily available and environmentally friendly. 






 have been well-
stud  d for l t  um stor     T   t  or t   l stor      p   ty of α-Fe2O3, γ-





lithium ion uptake voltage is in the range ~0.7-0.9 V. The lithium uptake by 
conversion mechanism in all type of iron oxides is summarized in Equations 
1.19-1.20. Despite several attempts, the first cycle reversibility and cyclability 
achieved in Fe2O3 material have been disappointingly low. Hariharan et al.
324
 
demonstrated a high first cycle reversibility of 90% for the first time in Fe2O3 
conversion anode by incorporating the effective active material-electrode 
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design. This material consists of following features namely well-connected 
active particles, adequate surface area, storage particle-current collector 
adhesion and higher degree of electrode drying.
319, 324
 Figure 1.21 shows the 
voltage profile of in- ous  synt  s z d α-Fe2O3 in which a long flat plateau at 
~0.80 V is seen corresponding to conversion reaction. 
                              (1.19) 
                               (1.20) 
 





1.10.1.2 Manganese oxides 
 MnO2 has a high theoretical storage capacity of 1233 mAh g
-1
 
compared to other metal oxides that undergo conversion reaction. Other 






 have also been 
studied for lithium storage for LIBs. The theoretical storage capacities of 
Mn2O3, Mn3O4 and MnO are 1018, 934 and 755 mAh g
-1
 respectively. The 
conversion reaction in all type of manganese oxides is summarized in 
Equations 1.21 - 1.24.  
                                       (1.21) 




















Specific capacity (mAh g-1)







                               (1.22) 
                                (1.23) 
                                 (1.24)  
The lithium ions uptake in all type of manganese oxides results in a 
plateau at 0.4 V.
330-332
 Most of the reports on lithium storage by conversion 






1.10.1.3 Cobalt oxides 
 Co3O4 and CoO have been known to store lithium ions by conversion 
reaction.
336, 337
 The theoretical storage capacities of Co3O4 and CoO are 890 
and 715 mAh g
-1 
respectively. The conversion reaction in two forms of cobalt 
oxides are summarized in Equations 1.25 - 1.26. 
                               (1.25) 
                                                               (1.26) 
Various research groups have reported lithium storage capacities in 




 Although cobalt oxides exhibit favorable storage 
performance, their toxicity and high cost discourage its application in LIBs. 
1.11 Alloying hosts 
 The ability of lithium to alloy with metals in the presence of electrolyte 
has triggered research interests on exploring alloying hosts for lithium 
storage.
344
 The alloying reaction is presented in Equation 1.27. 
                         (1.27) 
Among the various metals, tin, antimony and silicon are the well-
studied materials for lithium storage by alloying reaction. The storage 
capacities achieved by alloying reaction are higher than insertion materials 
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such as graphite. For instance, silicon has the highest lithium storage capacity 
of 4000 mAh g
-1 




 As the lithium 
storage capacities of alloying materials are high, they improve the energy 
density and reduce the weight of the batteries. Despite high capacities, 
alloying materials suffer from huge volume changes during alloying and de-
alloying reactions.
346, 348
 Volume changes in turn induce stresses in the 
electrode which lead to cracking and disconnections between the electrode 
materials and the current collector. Such degradation, results in storage 
capacity loss with cycles leading to poor cycle life. Several groups are trying 
to overcome these drawbacks by adopting the following techniques namely 
nano-structuring to accommodate the strain,
349
 preparing active material with 




 and selecting 





Electrolytes are essential component in LIBs, as they act as a medium for 
the lithium ions to transfer between the electrodes.
354
 It consists of a lithium 
salt dissolved in the suitable non-aqueous organic solvents. Electrolytes for 
LIBs should have the following characteristics,
123, 354
 
 Good ionic conductivity and electronically insulating. 
 High chemical and electrochemical stability is needed to avoid the 
decomposition of electrolyte during redox reaction. 




 High boiling point is desirable which prevents evaporation and 
pressure build up in the batteries. 
 Preferably, environmentally friendly and low cost. 
Electrolyte is mainly classified into three types based on their nature such as 
liquid, polymer and ceramic/glass electrolyte.  
1.12.1 Liquid electrolytes 
Generally, an electrolyte consists of inorganic lithium salts (LiPF6, 
LiClO4, LiBF4, LiAsF6 and LiCF3SO3 etc.,) and organic carbonates as 
solvents.
355
 Among these lithium salts, LiPF6 displays several advantages 
compared to other lithium salts namely less toxic, excellent passivation with 
aluminum current collector and good thermal stability.
123, 356
 Propylene 
carbonate (PC), ethylene carbonate (EC), Diethylene carbonate (DEC), 
Dimethylene carbonate (DMC) and Ethyl methyl carbonate (EMC) are most 
studied as solvents for LIBs.
123, 354, 356
 LiPF6 dissolved in EC: DEC solvent 





broad range of working temperature and potential. Besides these advantages, 
HF generated in the cell owing to poor drying of electrodes leads to increase in 
internal resistance of the electrolyte.
357-359
 Further, liquid electrolytes also 
possess certain disadvantages such as non-flexibility of design, leakage due to 
improper sealing and pressure buildup in the cell when operating at high 
temperature (>50 °C). 
1.13 Scope of the present study 
 The objective of this thesis is to investigate lithium storage properties 
of high redox potential and/or high storage capacity cathode materials and to 
enhance the specific energy of lithium-ion batteries (Figure 1.22). The 
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specific energy can be increased by careful selection of cathode material as it 
is the product of redox potential and specific storage capacity. On these lines, 
the nucleus of the current investigation will focus on ways and means of 
tailoring the properties of cathode materials to improve the lithium storage 
performance, energy density and thereby lowering the weight of the batteries. 
The redox potential of battery can be improved by identifying materials which 
has high potential redox couple and also be compatible with existing 
electrolyte while specific capacity can be improved by identifying materials 
which could exchange more than one mole of lithium-ions from/into the 
structure. In this context, two classes of cathode materials namely LiMnPO4 
and Li2MnSiO4 are identified as subjects of this thesis work Figure 1.22. 
Adding to this, these materials are extremely safe, low cost and offer high 
energy density.  
LiMnPO4 poses many concerns such as poor electrochemical 
performance, rate performance, cycling stability, polarization owing to 
sluggish kinetics, strong polarons, Jahn-Teller distortion, volume mismatch 
between lithiated and delithiated phase and metastable nature of delithiated 
phase. In chapter 1, we aim to address these issues by developing an 
architecture featuring carbon coated, interconnected nano-grains constructed 
with mesopores. In chapter 2, the electrochemical performance is further 
enhanced especially at low current rates by combining this architecture 




). In chapter 3, further 
enhancement in electrochemical performance at high current rates is 
demonstrated by making Mn-Fe mixed transition metal composition with high 
Mn content. In chapter 4, the manganese utilization is improved especially at 
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high current rates by Mg
2+
 substitution in Mn rich Mn-Fe mixed olivine-
phosphate. In chapter 5, besides olivine-phosphate, lithium storage properties 
of low temperature Pmn21 polymorph and high temperature P21/n polymorph 
of Li2MnSiO4 are investigated.  
 












Energy density = Capacity * Voltage
(Wh kg-1)
High redox potential 
cathode and compatible 
with commercial electrolyte 
LiMnPO4 (Mn
2+/3+ (4.1 V) > 
Fe2+/3+ (3.45))



















2.1 Preface to Chapter 2 
This chapter highlights the various experimental techniques performed 
in active electrode material preparation, characterization, cell assembly and 
cell testing (Figure 2.1).  
 
Figure 2.1 Flowchart of experimental methodologies. 
2.2 Electrode active material preparation 
In this thesis, the active electrode materials were prepared using 
either of the following synthesis methods: soft template method and two-step 
method. LiMnPO4, LiMn0.9Fe0.05Mg0.05PO4, LiMn1-xFexPO4 (x= 0, 0.2, 0.5 
and 0.8) and LiMn0.8Fe0.15Mg0.05PO4 were synthesized using a soft template 
















XRD, FESEM, EDXS, TEM, BET, ICP
XPS and FTIR 
1. Powder mixing
2. Slurry preparation
3. Slurry coating and vacuum drying
4. Electrode pressing and punching
5. Half and full cell assembly
1. Galvanostatic cycling
2. Cyclic voltammetry




of synthesis for above materials are presented in respective chapters. All the 
solvents and chemicals were commercially available and were used as 
received, unless otherwise stated. 
2.2.1 Soft template method 
 In a typical soft template synthesis procedure, a cationic surfactant, 
cetyl trimethyl ammonium bromide (CTAB) was dissolved in a solution of 
ethanol and water and to this solution; the precursors of the active electrode 
material are added. Finally, the resulting precipitates are calcined in inert 
atmosphere to obtain the desired product. A template is defined as a structure-
directing agent that enables the assembly of reactants.
360
 The template forms a 
micelle, when it is dissolved in a solution this restricts the growth of the 
reactants.
360
 The removal of templates by heat treatment results in a porous 
structure which is a replica of the particle aggregation. 
2.2.2 Two-step method 
In a typical two-step synthesis route, the precursors of transition metal 
and polyanion were dissolved in a round bottom flask with a mixture of millQ 
water and absolute ethanol. The resulting precipitates are calcined in an inert 
atmosphere to obtain the desired product. The calcined product was then 
ground with lithium precursor and calcined them in desired temperature in 
inert atmosphere to obtain the final product.  
2.3 Electrode material characterization 
 The prepared electrode active materials were characterized by Powder 
X-Ray Diffraction (PXRD), Rietveld refinement, Field Emission Scanning 
Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy 
(EDXS), Transmission Electron Microscopy (TEM), Brunauer Emmett Teller 
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(BET) surface area measurement, Elemental analyses (viz. Carbon Hydrogen 
Nitrogen and heteroatoms analysis (CHNX analysis) and Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES)), X-ray Photoelectron 
Spectroscopy (XPS) and Fourier Transform Infrared Spectroscopy (FTIR). 
Finally, the electrochemical characterization was done on active electrode 
materials using techniques such as Galvanostatic Cycling (GC), Cyclic 
Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS).  
2.3.1 Powder X-ray diffraction  
(a) Principle 
 PXRD technique is an analytical method that provides details on the 
atomic and molecular structure present in the crystalline material. The 
crystalline material diffracts the incident X-ray beams in a specific directions 
Figure 2.2. Then, the intensities and angles of diffracted beam are measured 
to identify the crystal structure. PXRD technique works on the principle of 
Br   ’s l w of d ffr  t on (Equation 2.1).361-364  
nλSinθ2d                   (2.1) 
 In Equation 2.1,  is the wavelength of the incident X-ray beam, θ 
represents the angle of incidence between the incident beam and the scattering 
plane, and d represents the interplanar spacing between the neighboring 
planes. As p r Br   ’s l w,  onstru t v   nt rf r n   would o  ur w  n t   
path difference is an integral multiple (n) of the wavelength (Equation 2.1). 
For destructive interference, the X-rays will be out of phase which then will 




Figure 2.2 Schematic depiction of X-ray diffraction by crystals. 
(b) Procedure 
 In this thesis, powder X-ray diffraction patterns were recorded using a 
Shimadzu 6000 diffractometer and Cu-Kα with a wavelength of 1.5418 Å was 
used as X-ray source. The powder was spread uniformly above an amorphous 
glass slide which was then loaded into the diffractometer. X-ray diffraction 
p tt rns w r   oll  t d ov r 2θ  n t   r n   of 10 - 60°. A representative X-
ray diffraction pattern consists of diffraction angle plotted along the X-axis 
and the intensity along the Y-axis Figure 2.3.  
 
Figure 2.3 A typical XRD pattern recorded on LiMnPO4 powd r for 2θ  n t   r n   
10-60°. 






































































































































All peaks in the illustrated diffraction pattern could be indexed to the pure 
phase of LiMnPO4 belonging to the Pmnb space group (JCPDS card no. 33-
0803) with an orthorhombic structure.  
Standard X-ray diffraction patterns provided by International Centre 
for Diffraction Data (ICDD) were used for comparison and to fit the 
experimental XRD data with the standard patterns, Rietveld refinement was 
done using TOPAS 3.0 software. 
2.3.2 Field emission scanning electron microscopy and energy dispersive 
X-ray spectroscopy 
(a) Principle 
 FESEM is an analytical technique that provides an electronically 
magnified image of the sample under study.
365-368
 Electron beam, ranging from 
few hundred eV to keV, are focused onto the sample surface under a high 
vacuum. Then a stream of electrons is narrowed by the electromagnetic lens to 
form a monochromatic electron beam. High-energy electrons are emitted by 
reflection while secondary electrons are emitted by inelastic scattering. The 
emitted electrons are received and are amplified to then produce an image of 
the sample.  
 





 Morphological aspects were studied using a Hitachi S4300 field 
emission scanning electron microscope. The sample was positioned on a 
carbon tape and placed on the sample holder and atomic layers of gold or 
platinum were then deposited on the sample using a DC sputtering instrument. 
The microscope was operated at an accelerating voltage of 5 kV and current 
10 mA. A representative FESEM image recorded under the above conditions 
is shown in Figure 2.4. 
 In selected cases, EDXS were recorded using a JEOL JSM-6701F field 
emission scanning electron microscope equipped with EDXS (JED-2300) 
instrument which was rated at 15 kV with probe current of 2.56 nA. EDXS is 
an analytical technique that provides details on the elemental composition and 
distribution of the sample under study. During element analysis, electrons 
strike the surface of the sample resulting in emission of X-rays from inner 
shell electrons. This emitted X-rays are then analyzed and the elemental 
composition is determined. A representative elemental mapping images and 
energy dispersive spectra of LiMn0.8Fe0.15Mg0.05PO4/C is shown in Figure 2.5. 
 
Figure 2.5 (a-f) Elemental mapping images and (g) energy dispersive spectrum of 
LiMn0.8Fe0.15Mg0.05PO4/C. 
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2.3.3 Transmission electron microscopy 
(a) Principle 
 TEM is a technique in which electron beam transmitted through a thin 
sample interacts with the sample
365-368
 and the image is produced by analyzing 
the interacted electron beams. The magnified image is then captured and 
focused on charge coupled device (CCD) camera and depicted on a 
fluorescent screen. This technique could offer a resolution of nearly 0.5 Å and 
magnification >50 million times. It provides details on the morphology, 
crystalline size and crystallanity. Further, SAED pattern can be obtained by 
changing the back focal plane of objective lens. Based on interplanar spacing, 
the crystal structure and lattice parameters are determined.  
(b) Procedure 
 TEM images were obtained using JEOL TEM 2010 microscope. Prior 
to the experiments, the sample was dispersed in ethanol by sonication; a drop 
was loaded on Cu-grid and dried. Finally, the specimen was taken into the 
TEM chamber.  
 
Figure 2.6 TEM image recorded on LiMn0.8Fe0.2PO4/C. 
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Figure 2.6 illustrates a representative TEM image of 
LiMn0.8Fe0.2PO4/C recorded using JEOL TEM 2010 microscope. Besides 
TEM images, High Resolution Transmission Electron Microscopy Images 
(HRTEM) (at 200 kV) and Selected Area Electron Diffraction patterns 
(SAED) were also recorded using JEOL TEM 2010 microscope. 
2.3.4 BET Surface area measurement  
(a) Principle 
 BET method is a technique used to calculate the surface area, pore size 
distribution, porosity and pore volume of the sample. This method relies on 
the adsorption and desorption of the N2 gas on the sample surface which forms 
thin monolayers. By measuring the volume of the gases adsorbed, the 




In this thesis, Nitrogen adsorption and desorption isotherms were 
measured at 77K on Nova 2200e surface area and pore analyzer 
(Quantachrome, USA). Prior to the measurement all the samples were 
degassed at 130
o
 C overnight. The nitrogen adsorption and desorption data 
were analyzed by the Nova 2200e software and the BET specific surface area 
was calculated from nitrogen adsorption isotherms in the relative pressure 
range of 0.05 - 0.3. The total pore volume was estimated from the amount of 
N2 adsorbed at a relative pressure of ~0.99. The pore size distribution was 
calculated from desorption isotherm using BJH (Barret-Joyner-Halenda 
method) method. Figure 2.7 displays the isotherm and pore size distribution 




Figure 2.7 Nitrogen adsorption and desorption isotherm with pore size distribution 
(inset) of LiMn0.9Fe0.05Mg0.05PO4. 
2.3.5 Elemental Analysis 
(a) Principle 
Elemental analysis (EA) is an analytical technique, where the 
elemental constituents and composition is estimated.
372, 373
CHNX analysis is 
used to determine the carbon, nitrogen and hydrogen and heteroatoms 
(halogens and sulfur) in the compound by burning the sample in the oxygen 
atmosphere and trapping the combustion products in CO2/H2O/nitric oxide. 
Finally, trapped product is analysed to calculate the composition of elements 
present in the sample. The metals present in the materials were estimated by 
ICP-OES.
372, 373
 During this measurement, the excited ions are captured by 
means of electromagnetic radiation. The intensity of this radiation is directly 
proportional to the amount of elements presents in the sample. 
(b) Procedure 
In this thesis, CHNX elemental analyzer (Elementar Vario MICRO 
CUBE) is used for analysing the carbon in the electrode material. Dual-view 
Optima 5300 DV ICP-OES analyzer is used for ICP-OES analysis. In ICP-






















































OES, the sample was digested with HNO3/HCL/HF and topped up to 10 ml 
with H2O.  
2.3.6 X-ray Photoelectron Spectroscopy 
(a) Principle 
XPS is a surface technique used to measure the chemical and oxidation 
state of the elements present in the sample.
374
 When X-ray of known energy is 
incident in the surface of sample, photoelectrons are excited from the surface 
of the sample (~1-10 nm). The total energy of photoelectrons outflowed from 
the surface of the material is given in Equation (2.2),
374
 
                                                                                 (2.2) 
where,    represents the total photon energy at excitation source,    and    
represents the kinetic and binding energy of the photoelectrons respectively 
and   represents the work function-the potential difference between the Fermi 
and vacuum level of the solids. 
 (b) Procedure 
XPS studies were performed with a Kratos AXIS Ultra DVD (Kratos 
Analytical Ltd) at a base pressure of 1 × 10
-9
 Torr and a working pressure of 5 
× 10
-9
 Torr using a mono Al-Kα r d  t on  An lys s of XPS sp  tr  w s don  
using XPS Peak-ﬁt softw r   A S  rl y-type background was subtracted from 
the recorded spectra. The derived binding energies (BE) were accurate to ± 0.1 
eV. 
2.3.7 Fourier Transform Infrared Spectroscopy  
(a) Principle 
 FTIR provides valuable details on the bonding and molecular structure 
of the sample.
375
 When infra-red (IR) radiations are strike on the surface of the 
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sample, some of the radiation is absorbed while the remaining is transmitted. 
The absorbed radiation frequency is equivalent to the frequency of molecules 
that vibrates. The transmitted radiation discloses absorbed energy at each 
frequency. Each frequency refers to particular molecular vibrations in the 
material. The frequency at which the radiations are absorbed is detected by the 
spectrometer. Since the absorbed frequencies are unique, the resulting FTIR 
spectra are a finger print of the particular sample under study. 
(b) Procedure 
 In this thesis, a Nicolet 510 spectrometer was used to obtain the FTIR 
data. Prior to the measurements, the pellet was made using spectroscopic 
grade KBr. The pressed pellet was then loaded into station to obtain the FTIR 
spectrum. 
2.4  Electrode fabrication and cell assembly 
(1) Powder mixing 
 Electrodes were fabricated by mixing the cathode active material with 
acetylene black carbon additive and polyvinylidene fluoride (PVDF - Kynar 
2801) in a particular weight ratio. Table 2.1 summarizes the electrode weight 
ratios of active electrode material, carbon additive and binder of various nano-
composite electrodes studied in this thesis. Here, the active material is the Li
+
-
ions host material, acetylene black is the conductive carbon additive and the 
binder holds the nano-composite material with the current collector, 
maintaining an intimate contact.  
(2) Slurry preparation 
 The premixed electrode powders by means high energy ball milling, 
consisting of electrode active material and carbon additives, was added to a 
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glass container comprising of PVDF binder to prepare slurry using N-methyl 
pyrrolidone (NMP). The viscosity of the slurry was adjusted by adding NMP 
and the slurry was stirred for 8 h to deliver uniform blending of the electrode 
active material, carbon additive and PVDF binder. 
Table 2.1 Weight ratio of active electrode material, carbon additive and binder used 
in this thesis. 
Materials Chapter Active material: 
Carbon: Binder 
LiMnPO4/C  Chapter 3 65:25:10 
LiMn0.9Fe0.05Mg0.05PO4/C Chapter 4 65:25:10 
LiMn1-xFexPO4/C  
(x = 0, 0.2, 0.5 and 0.8)  
Chapter 5 64:26:10 
LiMn0.8Fe0.15Mg0.05PO4/C Chapter 6 64:26:10 
Li2MnSiO4/C Chapter 7 65:25:10 
 
 (3) Slurry coating and drying 
 The stirred slurry was then coated (~15 - 20µm thickness) uniformly 
on an aluminium foil (~10µm thickness) using a doctor blade technique. The 
solvent was then evaporated by drying the fabricated electrodes overnight at 
110 °C in vacuum oven. The dried electrodes were pressed using a twin roller 
(Hohsen Corporation) at 37 psi to ensure the close contact between the grains 
and the current collector. The pressed electrodes were cut into circular discs of 
16 mm diameter (area of electrode 2.01 cm
2
) and consequently dried again 
overnight at 110°C in a vacuum chamber. Typically, the active material 
loading is ~1.25 - 3 mg cm
-2
 in the electrode (total loading being 2.5 - 6 mg). 
 (4) Half-cell assembly 
 Subsequently, the coin cell assembly was done in a glove box (MBraun 
Germany) which maintains <5 ppm of O2 and <1 ppm of H2O. Figure 2.8 
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illustrates an exploded view the coin-cell assembly in which Li metal 
(Kyokuto Metal Co., Japan) was used as the counter and reference electrode 
against cathode electrodes namely, LiMnPO4/C, LiMn0.9Fe0.05Mg0.05PO4/C, 
LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8), LiMn0.8Fe0.15Mg0.05PO4/C and 
Li2MnSiO4/C. 1M LiPF6 in mixture of ethylene carbonate (EC) and diethyl 
carbonate (DEC) (1:1 volume ratio) was used as the electrolyte while (GF/C) 
glass microfiber filters was used as the separator.  
 
Figure 2.8 Schematic illustrates an exploded view of the half cell showing the 
essential parts. 
The nano-composite cathode electrode was placed on the bottom cap 
 nd 100 μL of  l  trolyt  w s  dd d w  l  s p r tor m mbr n  w s pl   d on 
the surface of the electrode. Circular metallic lithium discs of size 12 mm 
diameter and ~0.59 mm thick was then placed on top of the separator. The 
spring was placed on the surface of the metallic lithium while the top lid with 
gasket was then placed on the spring. Finally, the sealing was done using a 
crimping machine (Hoshen Corporation, Japan). The assembled half-cells 
Top Lid with gasket 
Spring 
Lithium Metal 
Electrolyte LiPF6 in EC:DEC 






were then brought out from the glove box and aged for 24 h at room 
temperature before performing any electrochemical measurements. 
 (5) Full cell assembly 
 Instead of metallic lithium in full cell, in-house low potential materials 
were used as anodes Figure 2.9. LiPF6 in EC: DEC was used as electrolyte for 
full-cells. Table 2.2 summarizes the various full cells that have been studied in 
this thesis. The assembled full-cells were then brought out from the glove box 
and aged for 6 h at room temperature before performing galvanostatic cycling. 
Table 2.2 List of full cells studied in this thesis. 
Full cell combination Chapter 
LiMnPO4 vs. Li4Ti5O12 Chapter 3 
LiMn0.8Fe0.2PO4 vs. α-Fe2O3 
  LiMn0.8Fe0.2PO4 vs. Li4Ti5O12 




Figure 2.9 Schematic illustrates an exploded view of the full cell showing the 
essential parts. 
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2.5 Electrochemical measurements 
2.5.1 Galvanostatic cycling 
 Electrochemical performance of the synthesized electrode materials 
were performed using galvanostatic cycling (Constant Current (CC mode) or 
Constant Current-Constant Voltage (CC-CV-mode only at charged state, not at 
discharged state)). In galvanostatic cycling, a fixed current pulse is applied 
while the variation in voltage is measured. In constant current-constant voltage 
cycling, a fixed current pulse is supplied while the variation in voltage is read 
until it reaches to higher potential (up to 4.6 V) and then voltage is maintained 
constant for a fixed time with the voltage window of 2.3-4.6 V/1.5-4.6 V. The 
electrochemical performance cycling stated in this thesis was performed with 
CC/CC-CV mode of cycling Table 2.3 at room temperature or high 
temperature using Arbin battery tester (Model-BT2000, USA). Voltage profile 
is measured by galvanostatic method where a constant current was applied to 
battery to obtain voltage values at different SOC. The electrochemical 
performance cycling is showed by plotting the variation in potential as a 
function of capacity. The capacity values were calculated based on active 
material weight in the electrode (excluding in-situ and ex-situ carbon content). 
Table 2.3 Mode of cycling employed in this thesis work. 




LiMnPO4/C  Chapter 3 2.3-4.6 CC 
LiMn0.9Fe0.05Mg0.05PO4/C Chapter 4 2.3-4.6 CC-CV 
LiMn1-xFexPO4/C  
(x = 0, 0.2, 0.5 and 0.8)  
Chapter 5 2.3-4.6 CC 
LiMn0.8Fe0.15Mg0.05PO4/C Chapter 6 2.3-4.6 CC 
Li2MnSiO4/C Chapter 7 1.5-4.6 CC-CV 
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The rate performance study was conducted by applying the same current while 
charging /discharging the cells. 
Equation 2.3 shown below was used to calculate the observed capacity 
                              
                    
       
                       (2.3) 
In Equation 2.3, the           is the time taken to accomplish a 
complete charge or discharge (in hours).      is the weight of electrode 
active material loaded in the electrode (in grams).   is the 
 current applied to charge or discharge the cells (in mA).  
The total active electrode material weight (     ) in Equation 2.3 was 
determined as follows: 
     
(                              )                             (2.4) 
In Equation 2.4,            is the weight of the electrode including 
the weight of the aluminum foil and                     is the weight of the 
bare aluminum foil. The fraction of active electrode material is the percentage 
of active material present in the nano-composite electrode. For instance, in 
case of active electrode material: carbon: binder composition of 65:25:10, the 
fraction of active electrode material is 0.65. 
In Equation 2.3, i is the current applied for a particular current rate is 
estimated as follow 
                                                            (2.5) 
In Equation 2.5, the                      is the capacity 
theoretically expected for the active electrode material (in mAh g
-1
). 1C rate 
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is defined as the charge or discharge in 1 hour. The                      
in Equation 2.5 is calculated as follows, 
                              (
                  
      
)        (2.6) 
In Equation 2.6,                  value is 96485 C mol-1.   is 
the number of electrons per formula unit and  is the molecular weight of the 
active electrode material. For instance, the theoretical capacity of LiMnPO4 is 
calculated as follows. The electrochemical reaction of         is shown in 
Equation 2.7 in which theoretically 1 mole of Li
+
-ion could be extracted 
from/inserted into the structure. 
                         
         (2.7)  
The theoretical capacity of         is calculated by using the Equation 2.6 
with   = 1 and  = 156.85 for LiMnPO4. 
                              (
       
           
)      
 
       (2.8) 
Hence, from Equation 2.8, the                      of LiMnPO4 
is calculated to be 171 mAh g
-1
. From the theoretical capacity values and 
active electrode material weight (    ), value of applied current i at a 
particular current rate was calculated using Equation 2.5. From the calculated 
values of the applied current i, weight of active electrode material (    ) and 
step time, the actual capacities were calculated from Equation 2.3. 
2.5.2 Cyclic voltammetry 
 CV is a potentiodynamic electrochemical study technique that gives 
details on the redox potential, electron transfer kinetics and phase transition 
that happen during the electrochemical reaction.
376, 377
 During CV 
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measurements, the voltage applied on the electrode is ramped in both forward 
direction (oxidation) and reverse direction (reduction) at a certain scan rate. 
Scan rate is the rate of change of voltage as a function of scanning time. 
During this experiment, the electrolytic current is plotted (y-axis) as a function 
of the applied voltage (x-axis). In a typical cyclic voltammogram, the peak 
position corresponds to the redox reactions that happen during the oxidation 
and reduction reaction of redox couple. During oxidation and reduction 
process, the current response was measured from the CV curve which is 
denoted as iap and icp. Here, iap and icp refers to anodic peak current (during 
oxidation) and cathodic peak current (during reduction) in the CV curve. In 
this thesis, CVs were recorded at various scan rates such as 0.058, 0.1, 0.2, 
0.3, 0.4 and 0.5 mV s
-1 
using VMP3 Biologic potentiostat (Biologic science 
instruments, France) at room temperature.  
2.5.3 Electrochemical impedance spectroscopy 
EIS is a non-destructive tool useful for evaluating the kinetic properties 
of the electrode materials. In EIS experiments, small amplitude of AC signal is 
applied to an electrochemical cell and the current in the cell is read. The 
response of the cell is calculated in terms of phase and magnitude of the 
current measured. The EIS spectra are typically presented as Nyquist plots in 
which the real part is plotted on the X-axis while the imaginary part of 
impedance is plotted along the Y axis. Generally, the impedance spectrum of 
electrochemical cell has three essential regions. The first part, Rs is the 
solution resistance associated with the electrolyte and electrical contacts. The 
second region associates with the complex charge transfer process while the 





diffusion in the bulk electrode. The fitting of experimental data is done using 
an equivalent circuit model. In this thesis, the EIS experiments were 
performed using VMP3 Biologic science instrument and the experimental data 
were analyzed using EC –Lab V10.19 software. AC signal of magnitude of 5 
mV was used to measure the impedance with the frequency in the range of 1 























3. The effect of synthesis parameters on 





































































3.1 Preface to Chapter 3 
An architecture featuring carbon coated, interconnected nano-grains 
constructed with mesopores were developed for LiMnPO4/C cathode material. 
This architecture facilitates enhanced lithium ionic and electronic transports; 
favours improved lithium storage performance. Mesoporous LiMnPO4/C 
electrode delivers discharge capacity of 140 mAh g
-1
 at 0.05C using 
galvanostatic cycling mode. This observed best electrochemical response of 
LiMnPO4/C at constant current mode is complemented by diffusion studies 
using cyclic voltammetry and impedance spectroscopy. Further, the 
interdependence of lithium storage performance on carbon content, milling 
time (2, 4, 6 and 10 h), grain size and porous characteristics (surface area, pore 
size and pore volume) is also discussed in detail. Finally, the feasibility of 














3.2  Introduction 
Energy storage systems are essential to power the enormously growing 
global energy demands of the electric automotive and smart grid applications. 
LIBs have been considered to be promising energy storage system because of 
their high energy density, wide range of applications and long cycle life. 
However, the safety and cost of commercial electrode materials like LiCoO2 
are a matter of concern. Hence, the development of low cost cathode material 
with better safety is highly relevant. An orthorhombic structure phospho-
olivine LiMPO4 (M = Fe, Mn, Co and Ni) was recognized to be attractive 
positive electrode material owing to its salient features such as low cost and 
environmental friendliness.
13, 113
  The olivine structure is stabilized by the 
strong P-O covalent bonding which prevents oxygen evolution.
127
 Such an 
inherent structural robustness makes them safe candidates for LIBs compared 
to layered transition metal oxide such as LiCoO2. However, olivine cathode 
materials suffer from poor electronic conductivity and ionic diffusivity.
92, 131, 
378, 379
 Among the phospho-olivines, LiFePO4 stands out to be the most studied 
material owing to its attractive features such as safety, good cycle life and 
environmentally benign. LiFePO4
 
exhibits a theoretical capacity of 170 mAh 
g
-1
 with a flat voltage profile at ~ 3.45 V vs. Li/Li
+
 resulting in a specific 
energy of 586 Wh kg
-1
 (170 mAh g
-1
 x 3.45 V). On the other hand, the 
relatively less studied LiMnPO4 offers a competitive gain in specific energy of 
701 Wh kg
-1
 (171 mAh g
-1




 redox couple 
potential around 4.1 V vs. Li/Li
+
, which is ~0.65 V higher than that of 
LiFePO4 and importantly compatible with the commercial electrolytes unlike 
high potential cathodes such as LiCoPO4 and LiNiPO4.
108, 120-122
 The high 
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open-circuit voltage with suitable and stable voltage window could make this 
material an attractive cathode for LIBs. However, deploying LiMnPO4 as a 





 at 300 
°
C) and ionic diffusivity,
89, 91, 
127, 128
 (ii)  strong polarons,
127
 (iii) Jahn-Teller distortion in charged state,
129
 
(iv) interfacial strain between the LiMnPO4 and Li1-xMnPO4 phases,
130
 and (v) 
metastable nature of the delithiated Li1-xMnPO4 phase.
189
 All these factors lead 
to poor lithium storage performance in LiMnPO4. Previous reports in the 
literature
13, 94, 131, 132
 have also suggested that a complete extraction of Li
+
-ions 
from LiMnPO4 is not possible. To improve the storage performance, various 










spray pyrolysis with wet ball milling,
137-139












 and off-stoichiometry 
methods.
148
 Despite these efforts, only few groups have attained storage 
capacity more than 120 mAh g
-1
 in LiMnPO4 
108, 121, 133, 137, 140-145, 147, 149-154
 by 
employing Constant Current-Constant Voltage (CCCV) mode of charging in 
which the cells are fully charged and held at the upper cut-off voltage for a 
long time.  
The lithium storage performance of LiMnPO4 can be improved if the 
material is prepared with a favourable architecture. For this purpose, 
mesoporous LiMnPO4 particles comprising of interconnected nano-grains and 
pores of comparable size with a thin layer of carbon coating (Scheme 1) was 
prepared and discussed in this chapter. A high energy ball mill (HEBM) 
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assisted soft template method followed by a post heat treatment was used for 
this purpose.  
 
Scheme 1 Schematic illustration of strategies employed in this work to enhance the 
electrochemical kinetics of LiMnPO4/C.  
The above mentioned an architecture offers the following advantages 
(Scheme 1): (a) nano-structuring that provides short transport length for 
lithium ions, (b) improved electronic conductivity owing to a homogenous 
coating of carbon around the active surfaces, (c) interconnectivity of primary 
(grain-grain) and secondary particles improving the electronic network, (d) 
mesopores within or between secondary particles providing better penetration 
of the liquid electrolyte into the core of the grains which allows facile 
extraction of Li
+
 ions from the bulk of the electrode, and e) post heat treatment 
I:  Li+ ion diffusion in electrolyte
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Pores between secondary particles
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to relieve the lattice strain induced during milling.
380, 381
 Such tailored 
electrodes incorporating this architecture deliver lithium storage performance 
of 140, 120, 98, 94, 61, 41 and 20 mAh g
-1
 at 0.05, 0.1, 0.2, 0.5, 1, 2 and 5C 
rate respectively. The interdependence of lithium storage performance on 
carbon content, milling time (2, 4, 6 and 10 h HEBM), grain size and porous 
characteristics (surface area, pore size and pore volume) of LiMnPO4/C is 
highlighted. Finally, the feasible operation of this cathode along with 
Li4Ti5O12 /C anode in a full cell is demonstrated. 
3.3 Experimental Section 
3.3.1 Synthesis of LiMnPO4/C 
LiMnPO4/C sample was synthesized using soft template method 
followed by high energy ball milling process (HEBM) (Scheme 2). Typically, 
0.01 M of cationic surfactant CTAB ((C16H33)N(CH3)3Br,  Sigma Aldrich) 
was dissolved in a round bottom flask with a mixture of millQ water and 
absolute ethanol in the volume ratio of 1:5 and the solution was stirred for 90 
min. to initiate micellar formation, followed by the addition of lithium 
dihydrogen phosphate (LiH2PO4, Sigma Aldrich) and manganese acetate 
tetrahydrate (Mn(CH3CO2)2.4H2O, Sigma Aldrich) in stoichiometric 
proportions. The solution was further stirred for 24 h and the solvents were 
evaporated using an IKA RV10 roto-evaporator. The product was calcined in a 
tubular furnace at 650 
°
C for 4 h in an Argon (Ar) atmosphere. The calcined 
product was then ball-milled using FRITSCH premium line – pulverisette 7 
instrument at 500 rpm for 2, 4, 6 and 10 h with 25 wt% of acetylene black, the 
weight ratio of sample: balls being 1:40. Further, the post ball milled samples 
were heat treated at 450 
°






Scheme 2 Schematic illustrations of high energy ball mill assisted soft template 
synthesis. 
3.3.2 Material and electrochemical characterization 
LiMnPO4/C samples were characterized using PXRD, Rietveld 
refinement, FESEM, EDXS, TEM, BET, galvanostatic cycling, cyclic 
voltammetry and electrochemical impedance spectroscopy. The details are 
given in chapter 2, section 2.2.1 2.3 , section 2.4 and section 2.5 . 
3.4 Results and Discussion 
3.4.1 Effect of milling time, grain size and carbon content on lithium 
storage performance 
The initial experiments were performed for understanding the effect of 
milling time, grain size and carbon content on lithium storage performance of 
LiMnPO4. As mentioned, LiMnPO4 is known to be a poor mixed conductor 
(electronic and ionic conductivity) as compared to LiFePO4. Hence, enhancing 
both the ionic and electronic conductivities is equally important for achieving 
good storage performance. The pristine LiMnPO4 was ball milled 
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heat treatment to improve the electrochemical kinetics of the electrode 
materials. 
 
Figure 3.1 Specific discharge capacity vs. cycle number of pristine and ball milled 
LiMnPO4/C with various amount of carbon content at 0.05C rate, (a) pristine, (b) 2 h 
HEBM, (c) 4 h HEBM, (d) 6 h HEBM, and (e) 10 h HEBM. 
Initially, LiMnPO4 was hand mixed with carbon (0, 5, 15 wt%) (Note 
no ball milling was employed). The samples with 0, 5 and 15 wt% carbon 
resulted in discharge capacities of 7, 12 and 44 mAh g
-1
 at 0.05C respectively 
(Figure 3.1a). The reversible capacity obtained is much lower than the 
theoretical value. In the next series of experiments, LiMnPO4 was ball milled 
with varying amount of carbon (15, 20 and 25 wt%) for 2 h instead of hand 
mixing. These samples showed considerable improvement in their storage 
performance with discharge capacities of 55, 70 and 82 mAh g
-1
 at 0.05C 
respectively (Figure 3.1b). To verify the influence of milling time on storage, 
further experiments were conducted in which the milling time was increased 
to 4 h, keeping the carbon content at 15, 20 and 25 wt%. These samples 
demonstrated improved discharge capacities of 95, 115 and 140 mAh g
-1
 at 
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0.05C respectively (Figure 3.1c). It is interesting to note that the discharge 
capacity increased  remarkably just by increasing the ball milling time by 2 h 
(25 wt% carbon, 4 h HEBM vs. 25 wt% carbon, 2 h HEBM). Any further 
increase in milling time resulted only in poor electrochemical performance 
with discharge capacities of 85 and 68 mAh g
-1 
for 6 and 10 h of ball milling 
with 25 wt% respectively (Figure 3.1d). Factors responsible for these changes 
in the lithium storage performance during milling will be discussed later. For 
further discussions, we restrict our studies to pristine (without carbon) and ball 
milled samples with 25 wt% conductive carbon. 
Figure 3.2 illustrates the PXRD patterns of the pristine (with no 
carbon) and ball milled samples (LiMnPO4/C with 25% carbon) at various 
milling times (2, 4, 6 and 10 h).  
 
Figure 3.2 PXRD patterns (JCPDS card no. 33-0803) for pristine LiMnPO4 and 
LiMnPO4/C samples with 25 wt% carbon at various milling times with the expanded 
2θ r   on on t   r   t s ow n  t   p  k bro d n n , ( n l   xpr ss d  n d  r  s 
refers to the full width at half maximum of (131) peak for these materials): (a) 
pristine (with no carbon/no ball milling), (b) 2 h, (c) 4 h, (d) 6 h, and (e) 10 h. 
All peaks in the diffraction pattern could be indexed to the pure phase 
of LiMnPO4 belonging to the Pmnb space group (JCPDS card no. 33-0803) 
with an orthorhombic structure. The expanded 2θ region on the right side of 
the Figure 3.2 shows that peak broadening increases with the milling time 




















































































































































indicating the grain size reduction. No significant changes are observed in the 
lattice parameters and cell volume (Table 3.1 and Figure 3.2). The lattice 




Table 3.1 The influence of HEBM time on grain size, lattice parameters and cell 
volume of the LiMnPO4 samples obtained by Rietveld refinement. 
Milling 
time (h) 
a (Å) b (Å) c (Å) V (Å
3
) Crystallite Size 
(nm) 
0 6.107(5) 10.446(5) 
 
4.746(6) 302.85 110 ± 3 
2 6.127(4) 10.467(4) 4.755(7) 305.58 60 ± 3 
4 6.109(2) 10.462(3) 4.759(10) 304.22 40 ± 3 
6 
 
6.109(6) 10.456(5) 4.754(6) 303.74 36 ± 3 
10 6.110(5) 10.453(5) 4.750(8) 303.46 33 ± 3 
 
The good fit as indicated by the low reliability factors (Rexp:10.48%, 
Rwp:8.80%, Rp:7.22%) (Figure 3.3) and atomic positions (Table 3.2) obtained 
from Rietveld refinement of measured PXRD pattern of the 4 h ball milled 
sample also confirms the orthorhombic structure of LiMnPO4.  
 
Figure 3.3 Rietveld refinement of 4 h HBEM mesoporous LiMnPO4 (Rexp:10.48%, 
Rwp:8.80% and Rp:7.22%). 
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Table 3.2 Atomic positions of LiMnPO4/C.  
LiMnPO4 (Rexp:10.48   Rwp:8.80     Rp:7.22) 
Atom Site x y z 
Li1 (Li
+1
) 4a 0.0 0.0 0.0 
Mn1(Mn
+2
) 4c 0.2500 0.2817 0.0281 
P1(P
+5
) 4c 0.2500 0.0923 0.4081 
O1(O
-2
) 4c 0.2500 0.0968 0.2664 
O2(O
-2
) 4c 0.2500 0.4561 0.2073 
O3(O
-2
) 8d 0.0492 0.1609 0.2781 
 
In addition, a mild re-heat treatment was done to relieve the strain that 
has been created during ball mill processes.
381
 It is important to note that no 
significant changes have been observed in the PXRD pattern, lattice 
parameters, cell volume and crystallite size owing to the mild heat treatment 
(Figure 3.4 and Table 3.). 
 
Figure 3.4 PXRD patterns of, (a) pristine, (b) 4 h HEBM LiMnPO4/C without reheat 
treatment, (c) 4 h HEBM with a mild re-heat treatment. 
15 20 25 30 35 40 45 50 55 60
 Pristine LiMnPO
4
 4 h HEBM LiMnPO
4
/C without heat treatment
 4 h HEBM LiMnPO
4



































































































































Table 3.3 The influence of re-heat treatment on grain size, lattice parameters and cell 
volume of the 4 h HEBM LiMnPO4/C samples obtained by Rietveld refinement. 
Unit cell 
parameters 
a (Å) b (Å) c (Å) V (Å^3) Crystallite 
Size (nm) 













40 ± 3 












40 ± 3 
 
FESEM images presented in Figure 3.5 illustrate the morphology of 
the pristine and the various ball milled LiMnPO4/C samples. The crystallite 
size of the ball milled samples gradually decreases with increase in the milling 
time (refer Table 3.1, Table 3. and Figure 3.5). However, prolonged ball 
milling beyond 4 h leads to noticeable agglomeration of the grains (Figure 
3.5d-3.5e) which is also confirmed by a detrimental effect on the surface area 




Figure 3.5 FESEM images of pristine and LiMnPO4/C samples with 25 wt% carbon 
at various milling times; (a) pristine (0 h), (b) 2 h , (c) 4 h, (d) 6 h and (e) 10 h. 
Figure 3.6 depicts the elemental mapping images of carbon and 
manganese of pristine and ball milled samples with 25 wt% carbon at various 
milling times. It could be seen that with increase in milling time up to 4 h, the 
distribution of carbon improves as observed in Figure 3.6e. However, the 
samples milled for 6 and 10 h, the distribution is relatively non-uniform 
(Figure 3.6h and 3.6k). This suggests that increasing the milling time beyond 
4 h leads to deterioration of electrical connection due to carbon segregation 















Figure 3.6 Elemental mapping of carbon and manganese of LiMnPO4/C and 
corresponding SEM images at various milling times; (a-b) 2 h, (c-d) 4 h, (e-f) 6 h and 
(g-h) 10 h. 
Figure 3.7 shows the TEM images of LiMnPO4 pristine and 4 h ball 
milled LiMnPO4/C. TEM image (Figure 3.7a) of the pristine material shows 
that the average grain size is ~100 ± 10 nm, comparable with Rietveld 
refinement results (110 ± 3nm) as shown in Table 3.1. The corresponding 
HRTEM image shows (Figure 3.7b) clear lattice fringes indicating formation 
of pure crystallites of LiMnPO4. The observed d-spacing 5.23 Å of 
neighbouring lattice fringes corresponds to (020) plane of LiMnPO4. 
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Figure 3.7 TEM and HRTEM images of, (a-b) pristine LiMnPO4 and (c-d) 
LiMnPO4/C with 25 wt% carbon ball milled for 4 h. 
However, after milling for 4 h, the grain size was reduced to ~40 nm 
and the grains are embedded in a carbon matrix as a cluster forming secondary 
particles (Table 3.1, Table 3. and Figure 3.7c). HRTEM image of nano-
structured LiMnPO4/C sample (4 h HEBM) shows clear lattice fringes with 
observed d-spacing, 2.55 Å corresponding to (131) plane of pure LiMnPO4 as 
shown Figure 3.7d. Further, it shows the presence of carbon coating (5 ± 2 
nm) around the surface of LiMnPO4 particles. Such a carbon layer around the 
active surfaces of LiMnPO4 grains acts as an electrically conductive wiring for 
electrons. 
The lithium storage property of these porous materials is tested by 












pristine (with no carbon and no ball milling) and HEBM samples (2, 4, 6 and 
10 h) with 25 wt% carbon additives at 0.05C rate are shown in Figure 3.8.  
 
Figure 3.8 Galvanostatic charge and discharge profiles of pristine and LiMnPO4/C at 
various milling times (2, 4, 6 and 10 h HEBM) with 25 wt% carbon at 0.05C rate 
(capacity values are calculated based on active material (LiMnPO4) weight in the 
electrode). 





 redox couple at 4.3 V vs. Li/Li
+
 was observed in HEBM 
samples unlike pristine LiMnPO4. In addition, a clear improvement in the 
storage performance during Li
+





 transitions was observed at 3.96 V upon milling with carbon black, 
representing a gain of ~0.55 V compared to LiFePO4 (3.45 V). The highest 
storage capacity of 140 mAh g
-1
 at 0.05C rate has been achieved (based on 
weight of LiMnPO4) for 4 h ball milled sample using galvanostatic 
charge/discharge mode. This is in contrast to most of the best performing 
samples reported in the literature that have employed CCCV method for 
charging.
108, 121, 133, 137, 140-145, 147, 149-154
 It is worth noting that the storage 
capacities of other ball milled samples (2, 6 and 10 h HEBM samples with 
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25% carbon) were found to be only 82, 85 and 68 mAh g
-1
 at 0.05C 
respectively. Reasons for such remarkable improvement in the storage 
performance of 4 h HEBM samples are provided in section 3.4.3 and 3.4.4 . 
The large polarization observed in pristine LiMnPO4 can be attributed to the 
poor intrinsic electronic conductivity and sluggish Li
+
-ion diffusion kinetics. 
However, grain size reduction (shorter diffusion length), meso-structuring 
(high electrolyte wettability) using a systematic milling approach with the 
addition of carbon has improved both ionic diffusivity and electronic 
conductivity around the grain surface providing conductive wiring to the 
current collector thus favouring enhanced  lithium storage of LiMnPO4/C 
samples (Figure 3.8). 
3.4.2 Formation of mesoporous microstructure 
As shown in Figure 3.9a, the adsorption and desorption hysteresis 
loop of the pristine sample is incomplete. In contrast, 4 h HEBM sample 
exhibits a well-defined hysteresis loop characteristic of mesoporous materials 
referred as Type IV isotherm associated with capillary condensation in 
mesopores (Figure 3.9b).
369, 370
 Mesoporosity is also confirmed by the V-t 
plot (inset II of Figure 3.9b).
371, 382
 BJH pore size distribution of the 4 h 
HEBM sample shows presence of two types of pores in the mesoporous region 
with an average pore diameter of 3.43 nm and 25.20 nm (inset I of Figure 
3.9b). The former mesopores could be related to pores formed by the primary 
particles (grains), while the latter mesopores could be associated with pores 




Figure 3.9 (a) Nitrogen physisorption isotherms of pristine sample with inset I 
showing pore size distribution and inset II showing V-t plots (b) Nitrogen 
physisorption isotherms of 4 h HEBM sample with inset I showing pore size 
distribution and inset II showing V-t plots (c) Variation of specific capacity as a 
function of surface area, pore volume and milling time at 0.05C. 
During ball milling, large grains are divided into small grains and new 
surfaces are created. These small grains tend to aggregate during course of 
milling and heat treatment forming secondary particles. Pores are developed in 
this process within/between secondary particles as depicted in Scheme 1. 






































































































































































































3.4.3 Effect of porous characteristics on lithium storage performance 
Figure 3.9c illustrates the surface area, pore volume and 
corresponding storage performance at 0.05C rate as a function of milling time. 
Upon increasing the ball milling time to 4 h, the specific surface area, pore 
volume and pore size increases gradually. However, these parameters decrease 
with further increase in the milling time beyond 4 h. Agglomeration and pore 
narrowing witnessed for 6 and 10 h ball milled samples results in lower 
surface area and pore volume (Table 3., Figure 3.10 and Figure 3.6c). The 
above observed pore-structural and surface area differences are vital in 
understanding the differences in the storage performance of LiMnPO4/C. The 
specific capacity increases as a function of milling time up to 4h beyond 
which the capacity decreases. For example, the 4 h ball milled sample with 




, pore sizes: 3.43 and 25.20 nm 
and pore volume: 0.132 cc g
-1
 delivered lithium storage performance of 140 
mAh g
-1
 with attractive voltage profile and less polarization. This was in sharp 





, pore size: 0.39 nm and pore volume: 0.015 cc g
-1
 that delivered only 7 mAh 
g
-1
 with a huge polarization. Such significant difference in the lithium storage 
performance suggests the need for careful control of grain size, surface area, 




Figure 3.10 Nitrogen sorption isotherm, pore size distribution (inset (I)) and V-t plots 
(inset (II)) of various samples, (a) 2 h HEBM, (b) 6 h HEBM and (c) 10 h HEBM. 
 
 







































































































































































































































Table 3.4 Nitrogen adsorption and desorption data as a function of milling time. 
 













































































      
*SBET – Surface area by Brunauer–Emmet–Teller equation; St –Surface area 
derived from V-t plot. 
 
3.4.4 Diffusion study 
We consider here the 4 h HEBM LiMnPO4/C as a representative 
sample to study the diffusion limitation of electrochemical process. The 
anodic peak at 4.3 V (anodic oxidation) and the cathodic peak at 3.96 V 




 redox couple which is in 
good agreement with galvanostatic cycling (Figure 3.11a). The voltage 
 yst r s s (∆V, d ff r n   b tw  n t    nod    nd   t od   p  k volt   s) 
increased with increasing scan rates (Figure 3.11b). The current ratio of the 
anodic and cathodic peaks being unity (Figure 3.11b),
383
 there are no 
perceivable side reactions during the insertion and extraction processes. The 
linear relationship between the peak current (ip) and the square root of the scan 
rate (v
1/2
) suggests that the electrochemical process is purely limited by 
diffusion (Figure 3.11c).
383
 Hence, to calculate the diffusion coefficients, 
94 
 
electrochemical impedance spectroscopy (EIS) studies were carried out on 
fresh cells.  
 
Figure 3.11 Cyclic Voltammograms (CV) of ball milled sample for 4 h with 25 wt% 
LiMnPO4/C (a) at a scan rate of 0.058 mV s
-1
, (b) CV plots at different scan rates 0.1, 
0.2, 0.3, 0.4 and 0.5 mV s
-1
 and (c) the relationship between the peak current (ip) and 
the square root of scan rate (v 
1/2
). 
Figure 3.12a shows the fitting of experimental data using the 
following equivalent circuit model (Equation 3.1) (Figure 3.12b).
137
 
RS + (R1||CPE1) + (R2 || CPE2) + Wo                                                   (3.1) 




















Scan rate 0.058 mV.s-1
a)


















































Figure 3.12 (a) Nyquist impedance spectra of LiMnPO4/C of fresh cell at various 
milling times, (b) equivalent circuit, (c) linear fittings between Zre and reciprocal 
square root of the angular frequency in low frequency region. 
where, RS is the solution resistance associated with the electrolyte and 
electrical contacts. (R1||CPE1) + (R2||CPE2) refers to two depressed semicircles 
associated with the charge transfer process (R1 and R2 - charge transfer 
resistance; CPE1 and CPE2 - constant phase element and Wo is Warburg 
Rs + (R1 II CPE1) + (R2 II CPE2) + Wo
b)
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element associated with solid state Li
+
 ions diffusion in the bulk electrode. The 
fitted values of RS, R1 and R2 for fresh cells are given in Table 3..  
Table 3.5 Impedance parameters derived using equivalent circuit model for 



























































In this study, the mid frequency semi-circular arc is fitted with two 
overlapped depressed semicircles corresponding to (R1||CPE1) and (R2||CPE2) 
which can be attributed to the complex charge transfer processes from the 
electrolyte to bulk of the electrode surfaces. It is suggested that R1 and R2 
relates to the resistance associated with Li
+
-ion transfer resistance at the 
electrode-electrolyte interface (surface film resistance) and charge transfer 
resistance respectively.
137
 The improvement in the Warburg inclined lines at 
low frequency region of the spectra strongly suggests
137
 that the Li
+
-ion 
diffusion in 4 h ball milled mesoporous LiMnPO4/C is better than other ball 
milled samples (2, 6 and 10 h HEBM). Apparent lithium-ion diffusion 
coefficient (DLi
+









D       (3.2) 




), T is the absolute 
temperature, A is the contact area of the electrode (2.01 cm
2
), n is the number 
of electrons per molecule, F is the Faraday constant (96485 C mol
-1
), C is the 
concentration of Li
+




) (ratio between the tap density 
of the prepared material and molecular w    t)  nd σ  s t   W rbur  
coefficient associated with the slope of the linear fittings between Zre and 




Note that the apparent DLi
+







which is higher than the values for other HEBM electrodes 
( 3.96x10
-15
 , 1.55 x10
-14






for 2, 6 and 10 h HEBM 
electrodes respectively), consistent with the literature.
177, 384
 Further, the 4 h 
HEBM electrode exhibits the lowest impedance compared to other ball milled 
samples which is consistent with the changes in the lithium storage 
performance. Finally, it may be noted that the limiting factor in Li1-
xMnPO4/LixMnPO4 intercalation/deintercalation reaction is due to the ionic 
conductivity and/or electronic conductivity.
89
 
3.4.5 Lithium storage performance of mesoporous LiMnPO4/C 
The cycle life, rate capability and full cell testing of the LiMnPO4/C 
ball milled for 4 h are demonstrated in the Figure 3.13. The specific discharge 
profiles of corresponding electrode at different current rates are shown in 
Figure 3.13a. This electrode exhibits lithium storage capacities of 140, 120, 
98, 94 and 61 mAh g
-1
 (based on active material weight (LiMnPO4)) at 0.05, 
98 
 
0.1, 0.2, 0.5 and 1C respectively. Figure 3.13b illustrates the specific 
discharge capacities for 30 cycles at various rates. Further, when cycled from 
0.1C to 5C and upon further cycling at 0.1C, the cells could retain more than 
92% of their initial capacity (Figure 3.13c) which shows the robustness of the 
electrode material.  
 
Figure 3.13 (a) Voltage profiles of mesoporous LiMnPO4/C at different current rates 
at Constant Current mode (b) Cyclability at various current rates, (c) Rate capability, 
(d) Charge and discharge profiles of Li4Ti5O12/C vs. Li metal, (e)  Cyclic 
Voltammograms (CV) of Li4Ti5O12/C vs. Li metal in EC-DEC/ 1 M LiPF6 solutions 
at room temperature (f) Voltage profile of LiMnPO4/C vs. Li4Ti5O12/C up to 20 cycles 
at 1C, the voltage window of 0.5-3.2 V ( capacity values are calculated based on 
active material (LiMnPO4) weight in the electrode). 
In order to validate the capability of LiMnPO4/C electrode as a 
possible cathode material for the Li-ion battery application, preliminary full 
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cell test was performed using Li4Ti5O12/C anode material. Figure 3.13d-3.13e 
shows the voltage profile and CV of Li4Ti5O12/C against Li metal in a half cell 
in EC-DEC/1 M LiPF6 solutions at room temperature (RT). Figure 3.13f 
presents a typical voltage profile of full cell consisting of LiMnPO4/C vs. 
Li4Ti5O12/C up to 20 cycles at 1C in the voltage window of 0.5-3.2 V at room 
temperature (initial formation cycles are not shown). During charging, Li
+
 ions 
are removed from LiMnPO4 cathode and inserted into Li4Ti5O12 anode 
resulting in the formation of Li1-xMnPO4 and Li7Ti5O12 at cathode and anode 
respectively.
125
 During discharge, the Li
+
-ions are extracted from the anode 
and inserted back into the cathode.  The average voltage and capacity of this 
full cell was ~2.3 V and 54 mAh g
-1
 at a current rate of 1C which is close to 
half cell capacity at 1C using lithium metal as a counter electrode. 
3.5 Summary 
In summary, the preparation of mesoporous carbon coated LiMnPO4 
cathodes featuring interconnected nano-grains, using a high energy ball mill 
assisted soft template method was demonstrated. Such mesoporous 
LiMnPO4/C delivered lithium storage performance of 140 mAh g
-1
 at 0.05C 
with flat operating voltage. This was in sharp contrast to pristine microporous 
LiMnPO4 that delivered only 7 mAh g
-1
 at 0.05C with no perceivable plateaus. 
This study also underlined the interdependence of lithium storage performance 
of LiMnPO4/C on carbon content, milling time, grain size and porous 
characteristics namely, surface area, pore size and pore volume.  
As seen, the lithium storage performance of mesoporous LiMnPO4/C is 
one of highest reported values. However, the capacity is lower than the 
theoretical capacity of LiMnPO4 (140 mAh g
-1
 < 170 mAh g
-1
) especially at 
100 
 
higher current rates. In the next chapter, the storage capacity of LiMnPO4 will 




















































4. Enhancing the electrochemical 
kinetics of high voltage olivine 










































































 in LiMnPO4 cathode material was carried 
out to enhance its lithium storage performance and appraise the effect of 
doping. For this purpose, LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and 
LiMn0.95Mg0.05PO4/C have been prepared by a ball mill assisted soft template 
method. These materials were prepared with similar morphology, particles 
size and carbon content. Amongst them, the isovalent co-doped 
LiMn0.9Fe0.05Mg0.05PO4/C sample shows better electrochemical performance 
compared to LiMn0.9Fe0.1PO4/C and LiMn0.95Mg0.05PO4/C samples. The 
improved electrochemical performance of co-doped LiMnPO4 is thus 
explained in terms of (i) favorable extraction and insertion reactions, (ii) 
















  Previous reports in enhancing the storage performance of LiMnPO4 
has focused on (i) particle size reduction;
108, 125, 138-140, 385-387
 (ii) carbon 
coating,
121, 136, 142, 143, 149
 (iii) forming Mn-Fe solid solutions
94, 131, 161, 388, 389
 and 
(iv) doping using transition metals
137, 150, 151, 176-181, 183, 390













. Among these the Mn-Fe solid solutions have 
attracted great attention due to high storage capacity. However, the 
disadvantage with Mn-Fe solid solutions is that the overall energy density 






11, 22, 31-34, 391













 enables to enhance the storage 
performance of LiMnPO4 without compromising the energy density 




The lithium storage performance of mesoporous LiMnPO4/C is lower 
than the theoretical capacity of LiMnPO4 especially at higher current rates 





 in LiMnPO4/C cathode material to enhance its lithium 
storage performance. For this purpose, LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 
0.05) and LiMn0.95Mg0.05PO4/C samples were synthesized by ball mill assisted 
soft template approach (Scheme 1). Among these compositions, isovalent co-
doped LiMn0.9Fe0.05Mg0.05PO4/C electrode delivers discharge capacities of 
159, 155, 141, 118, 104, 81 and 51 mAh g
-1
 at 0.1, 0.2, 0.5, 1, 2, 5 and 10C 
rates respectively with less polarization of ~139 mV compared to other 





 at 1C after 200 cycles, which is 96% of its initial capacity. The storage 
performance achieved here for co-doped LiMn0.9Fe0.05Mg0.05PO4/C is the 
highest among the reports in literature for LiMnPO4 using divalent doping 
technique in the transition metal (Mn) site especially at low rates.
151, 176, 178, 180, 
181, 392
 The role of divalent doping or co-doping on the dissolution of Mn is 
also elucidated. Further, possible reasons for improved storage performance of 
isovalent co-doped LiMnPO4 is demonstrated in terms of (i) the favourable 
redox combination which in turn provides beneficial environment for the 
delithiation and lithiation processes and (ii) enhanced transport properties. 
 
Scheme 1 Schematic illustration of strategies employed in this work to enhance the 









(i)   Nano-size: Shorter diffusion length
(ii)  Doping: Enhanced structure stabilization
(iii) Carbon coating: Improved electronic conductivity
(v) Interconnectivity: Enhanced electronic network









 doped and co-doped LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 
and 0.05) and LiMn0.95Mg0.05PO4/C were synthesized using soft template 
method followed by high energy ball milling process (see chapter 3, scheme 
2). In the synthesis, 0.01 M of CTAB ((C16H33)N(CH3)3Br, Sigma Aldrich) 
was dissolved in a round bottom flask with a mixture of millQ water and 
absolute ethanol in the volume ratio of 1:5 and the solution was stirred for 90 
min. to initiate micellar formation, followed by the addition of lithium 
dihydrogen phosphate (LiH2PO4, Sigma Aldrich), manganese (II) acetate 
tetrahydrate (Mn(CH3CO2)2.4H2O, Sigma Aldrich), iron (II) acetate 
tetrahydrate (Fe(CH3CO2)2.4H2O, Sigma Aldrich) and magnesium (II) acetate 
tetrahydrate (Mg(CH3CO2)2.4H2O, Sigma Aldrich) in stoichiometric 
proportion. The solution was further stirred for 24 h. The solvents were 
evaporated using an IKA RV10 roto-evaporator. The precipitate was calcined 
in a tubular furnace at 650 
°
C for 6 h in an Ar:H2 (95:5) atmosphere.
135
 The 
calcined sample was ball-milled with 25 wt% acetylene black using FRITSCH 
premium line – pulverisette 7 instrument at 500 rpm for 4 h with the weight 
ratio of sample: balls = 1:40 Further, the ball milled sample was heat-treated 
again at 500 
°
C for 3 h in an Ar:H2 atmosphere. 
4.3.2 Material and electrochemical characterization 
Above samples were characterized using PXRD, Rietveld refinement, 
FESEM, EDXS, TEM, BET, XPS, galvanostatic cycling, cyclic voltammetry 
and electrochemical impedance spectroscopy. The details are given in chapter 
2, section 2.2.1 section 2.3 , section 2.4  and section 2.5 . 
106 
 
4.4 Results and discussion 
4.4.1 Structural and morphological characterization 
  Figure 4.1 shows PXRD of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) 
and LiMn0.95Mg0.05PO4/C. All the diffraction peaks could be indexed to 
LiMnPO4 which belongs to the Pmnb space group (JCPDS card no. 33-0803) 
with an orthorhombic structure. No other perceivable impurity phases were 
observed.  
 
Figure 4.1 PXRD patterns of (a) LiMn0.9Fe0.1PO4/C, (b) LiMn0.9Fe0.05Mg0.05PO4/C 
and (c) LiMn0.95Mg0.05PO4/C. 
  Changes in the lattice parameters and unit cell volume of the above 
samples compared to parent member (LiMnPO4) are presented in Table 4.1, 
which are in good agreement with the literature.
143, 151, 178, 180, 181, 390
 The 
differences in the cell volume of the various samples could be understood by 
the change in the ionic radii of the transition metals (Mn
2+
 = 0.97 Å, Fe
2+
 = 
0.92 Å and Mg
2+
 = 0.86 Å) in the active material.
151, 176, 178-181, 393
  
 







































































































































Table 4.1 Lattice parameters and cell volume of doped and co-doped LiMnPO4/C materials obtained by Rietveld refinement. 
Electrode material a (Å) b (Å) c (Å) V (Å
3
) 
Changes in the cell volume in (%) 
with respect to LiMnPO4 
(reference) Pmnb space group 
(JCPDS card no. 33-0803) 
LiMnPO4 (reference) Pmnb space 
group (JCPDS card no. 33-0803) 
                
6.108 
                
10.459 
             
4.732 
            
302.29 
                                                                  
- 
LiMn0.9Fe0.1PO4 6.102(6) 10.447(4) 4.726(6) 301.33 0.32 
LiMn0.9Fe0.05Mg0.05PO4 6.091(4) 10.427(5) 4.720(6) 299.83 0.81 
LiMn0.95Mg0.05PO4 6.104(5) 10.436(3) 4.718(7) 300.62 0.55 
108 
 
Further, we have carried out Rietveld refinement for XRD data to 




) using TOPAS 3.0 version. 
The quality of the refinement and dopant position were determined based on 




Figure 4.2 Rietveld refinement of (a) LiMn0.9Fe0.1PO4 (Rexp:4.91, Rwp:1.04 and 
Rp:0.61), (b) LiMn0.9Fe0.05Mg0.05PO4 (Rexp:6.77, Rwp:1.65 and Rp:0.99) and (c) 
LiMn0.95Mg0.05PO4 (Rexp:6.79, Rwp:1.71 and Rp:1.08). 





 occupy only Li sites, the reliability factor were  Rexp:6.77, 




 occupy  only Mn 





occupy simultaneously both Li and Mn sites, then 
the reliability factors are Rexp:6.77, Rwp : 1.65 and Rp:0.99. Based on good 
reliability factors as seen from the third case and observed site occupancies as 






likely to occupy Mn sites. Under 
these lines, LiMn0.9Fe0.1PO4 and LiMn0.95Mg0.05PO4 were also refined based on 
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simultaneously both Li and Mn sites as inferred from the better reliability 
factors (Rexp:4.91, Rwp:1.04 and Rp:0.61 for LiMn0.9Fe0.1PO4; Rexp:6.79, 
Rwp:1.71 and Rp:1.08 for  LiMn0.95Mg0.05PO4). Hence, as seen from the site 





 is found to be substituted mostly in the Mn site , not in the Li site. 
Table 4.2 Site occupancies of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and 
LiMn0.95Mg0.05PO4/C. Data for LiMnPO4/C is given for the sake comparison, 
whose Mn, P and O refined positions are consistent with literature report.
36, 42, 
43 
LiMnPO4 (Rexp:11.24   Rwp:4.04     Rp:3.21) 






) 4a 0.0 0.0 0.0 1 1 
Mn1(Mn
+2
) 4c 0.2500 0.2817 0.0281 1 1 
P1(P
+5
) 4c 0.2500 0.0923 0.4081 1 1 
O1(O
-2
) 4c 0.2500 0.0968 0.2664 1 1 
O2(O
-2
) 4c 0.2500 0.4561 0.2073 1 1 
O3(O
-2
) 8d 0.0492 0.1609 0.2781 1 1 
LiMn0.9Fe0.1PO4 (Rexp:4.91    Rwp:1.04     Rp:0.61) 
Li1 (Li
+1
) 4a 0.0 0.0 0.0 1 0.9994 
Li2 (Li
+1
) 4c 0.2500 0.2817 0.0281 0 0.0006 
Fe1(Fe
+2
) 4a 0.0 0.0 0.0 0 0.0006 
Fe2(Fe
+2
) 4c 0.2500 0.2817 0.0281 0.1 0.0994 
Mn1(Mn
+2
) 4c 0.2500 0.2817 0.0281 0.90 0.90 
P1(P
+5
) 4c 0.2500 0.0923 0.4081 1 1 
O1(O
-2
) 4c 0.2500 0.0968 0.2664 1 1 
O2(O
-2
) 4c 0.2500 0.4561 0.2073 1 1 
O3(O
-2
) 8d 0.0492 0.1609 0.2781 1 1 
LiMn0.9Fe0.05Mg0.05PO4 (Rexp:6.77    Rwp:1.65     Rp:0.99) 
Li1 (Li
+1
) 4a 0.0 0.0 0.0 1 0.9987 
Li2 (Li
+1
) 4c 0.2500 0.2817 0.0281 0 0.0013 
Mg1(Mg
+2
) 4a 0.0 0.0 0.0 0 0.0013 
Mg2(Mg
+2
) 4c 0.2500 0.2817 0.0281 0.05 0.0487 
Fe2(Fe
+2
) 4c 0.2500 0.2817 0.0281 0.05 0.05 
Mn1(Mn
+2
) 4c 0.2500 0.2817 0.0281 0.90 0.90 
P1(P
+5
) 4c 0.2500 0.0923 0.4081 1 1 
O1(O
-2
) 4c 0.2500 0.0968 0.2664 1 1 
O2(O
-2
) 4c 0.2500 0.4561 0.2073 1 1 
O3(O
-2
) 8d 0.0492 0.1609 0.2781 1 1 
110 
 
LiMn0.95Mg0.05PO4 (Rexp:6.79    Rwp:1.71     Rp:1.08) 
Li1 (Li
+1
) 4a 0.0 0.0 0.0 1 0.9986 
Li2 (Li
+1
) 4c 0.2500 0.2817 0.0281 0 0.0014 
Mg1(Mg
+2
) 4a 0.0 0.0 0.0 0 0.0014 
Mg2(Mg
+2
) 4c 0.2500 0.2817 0.0281 0.05 0.0486 
Mn1(Mn
+2
) 4c 0.2500 0.2817 0.0281 0.95 0.95 
P1(P
+5
) 4c 0.2500 0.0923 0.4081 1 1 
O1(O
-2
) 4c 0.2500 0.0968 0.2664 1 1 
O2(O
-2
) 4c 0.2500 0.4561 0.2073 1 1 
O3(O
-2
) 8d 0.0492 0.1609 0.2781 1 1 
   
  FESEM images of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and 
LiMn0.95Mg0.05PO4/C samples are shown in Figure 4.3. FESEM images of all 
the samples show presence of similar particle size with a pseudo-spherical 
morphology. EDXS analysis confirms presence of magnesium and/or iron 
uniformly within the active material (Figure 4.4). Further, a uniform 
distribution of carbon around the active materials is also seen. 
 











Figure 4.4 Elemental mapping images and corresponding SEM images of (i) 
LiMn0.9Fe0.1PO4/C, (ii) LiMn0.9Fe0.05Mg0.05PO4/C and (iii) LiMn0.95Mg0.05PO4/C. 
  Figure 4.5 shows the bright field TEM and HRTEM images of 
LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and LiMn0.95Mg0.05PO4/C materials. 
The particles appear to be interconnected with an individual particle size in the 
range of 20 - 40 nm (Figure 4.5a, 4.5c and 4.5e). HRTEM images shows the 
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lattice fringes with d-spacing of 4.32 Å (LiMn0.9Fe0.1PO4/C), 5.23 Å 
(LiMn0.9Fe0.05Mg0.05PO4/C) and 3.97 Å (LiMn0.95Mg0.05PO4/C) corresponding 
to (011), (020) and (120) planes respectively of pure LiMnPO4 (Figure 4.5b, 
4.5d and 4.5f). HRTEM images also show the presence of carbon coating 
(~5±2 nm) around the active materials. 
 
Figure 4.5 TEM and HRTEM images of (a and b) LiMn0.9Fe0.1PO4/C, (c and d) 
LiMn0.9Fe0.05Mg0.05PO4/C and (e and f) LiMn0.95Mg0.05PO4/C. 
  The BET surface area of the various samples were analysed by N2 
adsorption and desorption isotherms (Figure 4.6 and Table 4.3). All three 
samples are mesoporous in nature; the mesoporosity was confirmed from the 

















Figure 4.6 Nitrogen sorption isotherm with pore size distribution (inset) of, (a) 
LiMn0.9Fe0.1PO4/C, (b) LiMn0.9Fe0.05Mg0.05PO4/C and (c) LiMn0.95Mg0.05PO4/C. 
  The BET surface area of LiMn0.9Fe0.1PO4/C, LiMn0.9Fe0.05Mg0.05PO4/C 




 with a 




Table 4.3 Nitrogen adsorption and desorption data of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 























45 52 48 




0.08 0.13 0.10 
Pore size (nm) 
(±0.1) 
3.7 3.7 5.7 
*S
BET
 – Surface area by Brunauer–Emmet–Teller equation.
 
 


































































































































































  The pore volumes of these samples are 0.084, 0.132 and 0.1 cc g
-1
 
respectively (Table 4.3) These pores provide better penetration of the liquid 
electrolyte which allows easy access to Li
+
-ions and hence enhancing the 
storage performance as shown later. 
4.4.2 Lithium storage performance 
  Figure 4.7 presents the galvanostatic charge and discharge profiles of 
LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05), LiMn0.95Mg0.05PO4/C and un-
doped LiMnPO4/C samples at 0.1C in the voltage window 2.3-4.6 V. 
LiMnPO4/C is shown here for the sake of comparison. 
LiMn0.9Fe0.05Mg0.05PO4/C exhibits the highest lithium storage capacity of 159 
mAh g
-1
 with a polarization of ~139 mV while LiMn0.9Fe0.1PO4/C and 
LiMn0.95Mg0.05PO4/C exhibit capacities and polarization of 136 mAh g
-1
, ~222 
mV and 128 mAh g
-1
, ~334 mV respectively. It is worth noting that the un-
doped LiMnPO4/C delivered the lowest storage capacity of 123 mAh g
-1
 at 
0.1C with a polarization of ~340 mV. The facile electrochemical reaction in 
LiMn0.9Fe0.05Mg0.05PO4/C material could be inferred from the lowest 
polarization value witnessed during the galvanostatic cycling. 
  The voltage profiles of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05), and 
LiMn0.95Mg0.05PO4/C at various current rates namely 0.1, 0.2, 0.5, 1, 2, 5 and 
10 C are shown in Figure 4.7b, 4.7c and 4.7d. The storage performances of 
above samples at various rates are summarized in Table 4.4. For rapid charge 
and discharge in 30 min. (2C), LiMn0.9Fe0.05Mg0.05PO4/C delivers discharge 
capacities of 105 mAh g
-1 
which is higher than LiMn0.9Fe0.1PO4/C and 
LiMn0.95Mg0.05PO4/C which deliver only 80 mAh g
-1
 and 69 mAh g
-1
 
respectively (Figure 4.7c-4.7d). The storage performance of 
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LiMn0.9Fe0.05Mg0.05PO4/C is the highest among the reports in literature for 
LiMnPO4 using divalent doping technique in the transition metal (Mn) site 
especially at low rates (summary in Table 4.5).
151, 176, 178, 180, 181, 395
  
 
Figure 4.7 (a) Galvanostatic cycling profiles and polarization potential (inset) of 
LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05), LiMn0.95Mg0.05PO4/C and LiMnPO4/C (for 
the sake of comparison) at 0.1C, (b) Discharge profiles of co-doped 
LiMn0.9Fe0.05Mg0.05PO4/C at different current rates, (c) Discharge profiles of 
LiMn0.9Fe0.1PO4/C at different current rates, (d) Discharge profiles of 
LiMn0.9Mg0.05PO4/C at different current rates (capacity values are calculated based on 
the active material weight). 
Table 4.4 A summary of lithium storage performance of all the composition at 
different current rates. 
C-rates 



















































































































































































































 LiMn0.95Mg0.05PO4  
 LiMnPO4





  139 mV       222 mV  









Table 4.5 A summary of lithium storage performance and carbon content from the 
literature.* 






1 LiMn0.9Fe0.05Mg0.05PO4 25wt % carbon 159 Present 
work 
2 LiMn0.9Mg0.1PO4 25wt % carbon 




3 LiMn0.99Mg0.01PO4 25wt % carbon 145 151 
4 LiMn0.8Mg0.2PO4 25wt % carbon 




5 LiMn0.9Fe0.05Mg0.05PO4 31wt % carbon 140 180 
6 LiMn0.9Fe0.09Mg0.01PO4 20wt % carbon 140 181 
7 LiMn0.8Mg0.2PO4 12.1wt % 




*In this summary, the active material loading is not taken into account. 
 
  The rate performances of the various samples are shown in Figure 4.8. 
After testing at 10C rate, all the cells were again tested at 0.5C rate (see 
Figure 4.8a). The electrodes show excellent recovery, for example 
LiMn0.9Fe0.05Mg0.05PO4/C retains 97% of its initial capacity. 
LiMn0.9Fe0.05Mg0.05PO4/C showed the better long term cycling stability 
compared to LiMn0.9Fe0.1PO4/C and LiMn0.95Mg0.05PO4/C. For instance, the 
capacity retention of 96.7% is obtained for LiMn0.9Fe0.05Mg0.05PO4/C after 100 
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cycles at 1C rate with an average coulombic efficiency of 98.3%. In contrast, 
LiMn0.9Fe0.1PO4/C and LiMn0.95Mg0.05PO4/C show capacity retention of 
83.7% and 94.3% with the average coulombic efficiencies of 98.2% and 
98.0% respectively (Figure 4.8b-4.8c). This trend is in good agreement with 
the Mn dissolution observation. Further, even after 200 cycles at 1C rate, 
LiMn0.9Fe0.05Mg0.05PO4/C electrode material retained 96% of its initial 
capacity, delivering 116 mAh g
-1
 with the average coulombic efficiency of 
98.2% (Figure 4.8). As mentioned, these materials have similar morphology, 
particle sizes and carbon content. To a larger extent, the observed differences 
in the electrochemical performance amongst these materials are not biased by 
factors such as morphology, particle size and carbon content. 
 
Figure 4.8 (a) Rate capability of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and 
LiMn0.95Mg0.05PO4/C at different current rates, (b) Capacity retention of LiMn0.9Fe(0.1-
x)MgxPO4/C (x = 0 and 0.05) and LiMn0.95Mg0.05PO4/C up to 100 cycles at 1C, (c) 
Corresponding coulombic efficiency (shown in the magnified scale for the sake of 
clarity) and (d) Cycling stability of LiMn0.9Fe0.05Mg0.05PO4/C up to 200 cycles at 1C 
corresponding coulombic efficiency (capacity values are calculated based on the 
active material weight). 
 






































































































 LiMn0.9Fe0.05Mg0.05PO4/C at 1C;Capacity retention = 96.7%
 LiMn0.9Fe0.1PO4/C at 1C;              Capacity retention = 83.7%






























 LiMn0.9Fe0.05Mg0.05PO4/C at 1C 
 LiMn0.9Fe0.1PO4/C at 1C         






















4.4.3 Manganese dissolution 
  To understand the better storage performance and stability of 
LiMn0.9Fe0.05Mg0.05PO4/C, manganese dissolution analysis was performed on 
fully charged electrode using ICP-OES technique. Similar analysis was also 
performed on LiMn0.9Fe0.1PO4/C, LiMn0.95Mg0.05PO4/C and un-doped 
LiMnPO4/C electrodes for the sake of comparison. The amounts of Mn 
dissolution were obtained after soaking the charged (4.6 V) electrodes in the 
electrolyte at room temperature for 20 days. Table 4.6 compares the amount 
of Mn dissolved in the electrolyte (in ppm) for various samples.  
Table 4.6 Mn dissolution in the electrolyte of the doped, co-doped and un-doped 
LiMnPO4 electrodes charged to 4.6 V after 20 days of storage in electrolyte (1M 












dissolution    
(in ppm) 
             
21.95 
                       
4.56 
                                    
2.89 
                        
3.48 
 
  The Mn dissolution in LiMn0.9Fe0.05Mg0.05PO4/C was 2.89 ppm which 
is lower than the dissolution observed in LiMn0.9Fe0.1PO4/C (4.56 ppm), 
LiMn0.95Mg0.05PO4/C (3.48 ppm) and LiMnPO4/C (21.95 ppm). Such a trend 
is suggestive of the fact that co-doping with 5% of Fe
2+
 and inactive Mg
2+
 ions 
suppresses the Mn dissolution in the electrolyte compared to the other 
samples. Further, the overall Mn dissolution of all doped samples is lower 
compared to the un-doped LiMnPO4/C. The stability of the delithiated phase 
of doped LiMnPO4 has been attributed to (i) the unchanged ionic radii of Mg
2+
 





from the lattice owing to inactive Mg
2+
 dopant in LiMnPO4.
176, 178
  Hence the 
suppressed Mn dissolution seen in our doped samples (compared to un-doped 
LiMnPO4) could possibly arise from stabilization of the delithiated phase (Li1-
xMnPO4). 
4.4.4 Enhanced lithium extraction/insertion mechanism in 
LiMn0.9Fe0.05Mg0.05PO4 
  Ex-situ XPS measurements were carried out to study the Li
+
 ion 
extraction/insertion mechanism in LiMn0.9Fe0.05Mg0.05PO4 and to appraise the 
reasons for enhanced lithium storage performance. XPS spectra were recorded 
on partially charged (4 V), fully charged (4.6 V) and fully discharged (2.3 V) 
electrodes (Figure 4.9(i)). During the process of lithium extraction up to 4 V, 













PO4 (partially charged to 4 V) which is seen from XPS spectra 
(Figure 4.9(ii)). Accordingly, peaks are found to be located at binding energy 







respectively (Figure 4.9(ii)). A charge capacity of ~25 mAh g
-1
 witnessed up 














ruled out as the equilibrium potential for this redox couple occurs at 4.1 V. 




 redox further facilitates the 

























 at 4.1 V in 
the sample while electrochemically inactive Mg
2+ 
does not contribute to 
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charge  capacity as  seen from XPS spectra (Figure 4.9(iii)). XPS spectra 











 ions do not undergo any change in 
its oxidation state, lithiated phases associated Mg
2+
 still exist in the structure. 
 
Figure 4.9 (i) Charge/discharge profile of LixMn0.9Fe0.05Mg0.05PO4/C: [(a) a state of 
partially charged to 4 V, (b) a state of fully charged to 4.6 V, (c) a state of fully 
discharged to 2.3 V]; ex-situ XPS spectra of LixMn0.9Fe0.05Mg0.05PO4/C: [(ii) partially 
charged to 4 V, (iii) fully charged to 4.6 V and (iv) fully discharged to 2.3 V]; (A) 





































































(ii) Charged to 4 V
(iii) Charged to 4.6 V














   Presence of such partial lithiated phase prior to lithium insertion 




in the material. After complete discharge to 2.3 V, peaks at 641.1 and 711.2 




were seen, while Mg
2+
 (50.2 eV) showed 
no change (Figure 4.9(iv)).
154, 161, 177, 400-402
 Ex-situ XRD patterns of these 
samples charged to 4 and 4.6 V and discharged to 2.3 V does not show any 
significant changes (Figure 4.10). The subsequent charge and discharge 





doped samples. The mechanism of enhanced Li
+
 ion 
extraction/insertion in LiMn0.9Fe0.05Mg0.05PO4 could be summarised in 
Equation (4.1). 
 
Figure 4.10 Ex-situ PXRD patterns of LiMn0.9Fe0.05Mg0.05PO4 (a) fully charged to 4 
V, (b) partially charged to 4.6 V, (c) discharged to 2.3 V and (d) standard powder 
pattern of LiMnPO4 (JCPDS card No: 33-0803).   










 redox. The fully charged product (Li(1-
x)Mn0.9Fe0.05Mg0.05PO4/C at 4.6 V) contains partial lithiated phase owing to the 












 partially charged to 4 V
 fully charged to 4.6 V
 discharged to 2.3 









presence of electrochemically inactive Mg
2+
. Presence of such lithiated phase 
provides favourable environment for the subsequent lithium insertion process. 
4
222 POMgFeLiMn
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V     4at                 
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233
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     (4.1) 
4.4.5 Diffusion study 
  Cyclic voltammograms (CV) was recorded on LiMn0.9Fe(0.1-
x)MgxPO4/C (x = 0 and 0.05) and LiMn0.95Mg0.05PO4/C at different scan rates 
(0.1, 0.2, 0.3, 0.4 and 0.5 mV s
-1
) as shown Figure 4.11a, 4.11c and 4.11e.  
 
Figure 4.11 Cyclic voltammograms (CV) at different scan rates (0.1, 0.2, 0.3, 0.4 and 
0.5 mV s
-1
) and corresponding plots of linear relationship between the peak current 
(ip) and the square root of scan rate (v
1/2
) for both the charge and discharge states of  
(a and b) LiMn0.9Fe0.1PO4, (c and d) LiMn0.9Fe0.05Mg0.05PO4 and (e and f) 
LiMn0.95Mg0.05PO4. 
  T   volt     yst r s s (∆V, d ff r n   b tw  n t    nod    nd 
cathodic peak voltages) increases with the increasing scan rate. However, the 
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ratio of the anodic to the cathodic peak currents being unity,
383
 there are no 
side reactions during the insertion and extraction processes. The linear 
relationship observed between the both anodic/cathodic peak currents (ip) and 
the square root of the scan rate (v
1/2
) (Figure 4.11b, 4.11d and 4.11f) indicates 
that the electrochemical storage process is diffusion limited. To estimate the 
apparent DLi
+
 of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and 
LiMn0.95Mg0.05PO4/C, EIS studies were performed on fresh cells at OCV (3.0 
V) (Figure 4.12). The experimental data were fitted using the equivalent 




Figure 4.12 (a) Nyquist impedance spectra of LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 
0.05) and LiMn0.95Mg0.05PO4/C of fresh cell (OCV) at room temperature and 
equivalent circuit (inset) and (b) linear fittings between Zre and reciprocal square root 
of the angular frequency in low frequency region. 
  The fitted values of RS, R1 and R2 are given in Table 4.7. RS is the 
effective resistance due to electrolyte impedance and electrical contacts and 















































Rs + (R1 II CPE1) + (R2 II CPE2) + Wo
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obtained from the intercept of semicircle at high frequency with x-axis.  Wo, 
the Warburg element seen as a slope in low frequency regime is associated 
with Li
+
-ion diffusion in the bulk of the electrode. The mid-frequency 
semicircle is fitted with two depressed semicircles, corresponding to 
(R1||CPE1) and (R2||CPE2) which can be attributed to the complex charge 
transfer processes from the electrolyte to bulk of the electrode surfaces. It is 
suggested that the R2 refers to the charge transfer resistance, while R1 which is 
an elevated resistance at high frequency region is associated with the Li
+
-ion 
transfer resistance at electrode-electrolyte interface (surface film resistance).
137
  
Table 4.7 Impedance parameters derived using equivalent circuit model for 
LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and LiMn0.95Mg0.05PO4/C. 
Fresh cells 
Electrode material              Rs(Ω)            R1(Ω) CPE1                  
(x 10
-6 
F)           
R2(Ω)   CPE2              
(x 10
-6 
F)                                                                                                                        







































 was calculated for these samples using Equation (3.2). 
where, R is the gas constant, T is the absolute temperature (K), A is the 
contact area of the electrode (2.01 cm
2
), n is the number of electrons per 
molecule, F is the Faraday constant, C is the concentration of Li
+





) (ratio between the tap density of the prepared material and 
molecular weight) and σ  s t   W rbur   o ff    nt (obt  n d from Figure 
4.12b).
134, 187, 403
 The apparent DLi
+
 values obtained from EIS measurements 
are shown in Table 4.8. The obtained DLi
+





 It is interesting to note that the diffusion 
coefficient of LiMn0.9Fe0.05Mg0.05PO4/C is higher than the rest of the 
electrodes LiMn0.9Fe0.1PO4/C and LiMn0.95Mg0.05PO4/C which is consistent 
with the changes in the lithium storage performance. 
Table 4.8 Apparent diffusion coefficient derived from EIS measurements of 
LiMn0.9Fe(0.1-x)MgxPO4/C (x= 0 and 0.05) and LiMn0.95Mg0.05PO4/C. 
Electrode 
material              
LiMn0.9Fe0.1PO4            LiMn0.9Fe0.05Mg0.05
PO4 
LiMn0.95Mg0.05


















4.5 Summary   




 doping in high potential 
olivine LiMnPO4/C and its electrochemical performance were investigated. 
LiMn0.9Fe(0.1-x)MgxPO4/C (x = 0 and 0.05) and LiMn0.95Mg0.05PO4/C were 
synthesized using ball-mill assisted soft template approach. Among them, co-
doped LiMn0.9Fe0.05Mg0.05PO4/C exhibits the best storage performance 
delivering capacities of 159, 155, 141, 118, 104, 81 and 51  mAh g
-1
 at 0.1, 
0.2, 0.5, 1, 2, 5 and 10C rates respectively with less polarization ~139 mV. On 
the other hand LiMn0.9Fe0.1PO4/C and LiMn0.95Mg0.05PO4/C show only 136 
and 128 mAh g
-1
 at 0.1C with the polarization of ~222 and 334 mV 
respectively. This electrode material also retains capacity of 116 mAh g
-1
 at 
1C after 200 cycles, which is 96% of its initial capacity. Such improved 
cycling stability of LiMn0.9Fe0.05Mg0.05PO4/C is attributed to the suppressed 
Mn dissolution in the electrolyte compared to the other samples. The possible 
reasons for enhanced electrochemical performance in 
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LiMn0.9Fe0.05Mg0.05PO4/C was demonstrated in terms of (i) redox combination 
which provides favourable lithiation and delithiation processes owing to low 




 and electrochemically inactive Mg
2+
 and 
(iii) enhanced transport properties.
 
Thus, isovalent co-doping provides a 
positive influence on the lithium storage performance of olivine LiMnPO4. 
  As seen, isovalent co-doped LiMn0.9Fe0.05Mg0.05PO4/C exhibits higher 
storage capacity compared to doped and un-doped sample at slow current 
rates. However, the storage capacity reduced significantly at higher current 
rates. In the next chapter, the electrochemical performance of LiMnPO4 will be 
further enhanced especially at high current rates by preparing Mn-Fe mixed 








5. Understanding the electrochemical 
kinetics and redox potential shift of 
olivine cathode materials Li(Mn1-














































































































































5.1 Preface to Chapter 5 
Mn-Fe mixed transition metal phosphates were prepared to enhance its 
electrochemical kinetics. For this purpose, Li(Mn1-xFex)PO4/C (x = 0, 0.2, 0.5 
and 0.8) cathode materials were synthesized by high energy ball mill assisted 
soft template method. LiMn1-xFexPO4/C (x = 0.2, 0.5 and 0.8) showed better 
lithium storage performance as compared to parent material LiMnPO4/C. For 
instance, LiMn0.8Fe0.2PO4/C, LiMn0.5Fe0.5PO4/C and LiMn0.2Fe0.8PO4/C Mn-
Fe mixed compositions showed two distinct charge and discharge profiles and 
improved lithium storage performance of 160, 159, 158 mAh g
-1
 at 0.1C rate 
respectively. In contrast, LiMnPO4/C exhibited lithium storage performance of 
120 mAh g
-1 
at 0.1C. The voltage polarization of Mn-Fe mixed composition 
electrodes was found to be ~85 mV:20 mV in the Mn:Fe redox potential 
region unlike LiMnPO4/C (340 mV) at 0.1C. Mn-rich LiMn0.8Fe0.2PO4/C 
electrode retains 86% of its initial capacity at 1C after 700 cycles. Moreover, 
this electrode exhibits stable discharge capacity of ~155 mAh g
-1
 over a wide 
operating temperature of RT - 60°C. The enhanced electrochemical kinetics of 
LiMn0.8Fe0.2PO4/C is demonstrated in terms of (i) redox combination which in 
turn provides favourable environment for the lithiation and delithiation 









unlike LiMnPO4, (ii) partial suppression of Jahn-Teller distortion, 
(iii) good structural and thermal stability of delithiated phase and (iv) 
enhanced transport properties. Finally, LiMn0.8Fe0.2PO4/C electrode also 
shows feasible operation in full cells when combined with insertion anode 




Previous reports on LiMnPO4 indicate that the complete extraction of 
Li
+
-ion was not possible.
13, 94, 131, 132
 To improve the electrochemical 





 soft template method,
134, 135
 spray pyrolysis 
with wet ball milling,
137

























have also been attempted to 





135, 137, 150, 151, 
160, 176, 177
 but this results in relatively less capacity and high polarization 
especially at higher current rates. Recently, the mixed transition metal 
phospho-olivine LiMnxFe1-xPO4 has drawn attention as it exhibits improved 
bulk conductivity.
164-167
 Several reports on the electrochemical performance of 
LiMnxFe1-xPO4 (x = 0.25, 0.50 and 0.75 ) Mn-Fe mixed compositions have 
showed that the manganese rich [LiMnxFe1-xPO4 (x > 0.75)] component is not 
an appropriate cathode material for LIBs owing to its sluggish electrochemical 
activity of manganese and huge anisotropic distortion of Mn
3+
 in charge 
state
13, 120, 131, 160, 168, 169
. In contrast, Martha et al.
161
 and Wang et al.
170 
demonstrated that the Mn-rich component [LiMnxFe1-xPO4 (x = 0.8 or 0.75)] 
can be an excellent advanced cathode material for LIBs. A study on LiFe1-
yMnyPO4 by Molenda et al.
164, 171
 shows that manganese is more 
electrochemically active in Mn rich Mn-Fe mixed phospho-olivine than 




Co-doped LiMn0.9Fe0.05Mg0.05PO4/C (chapter 4) cathode material 
exhibited higher storage capacity compared to pure LiMnPO4/C (chapter 3). 
However, the storage capacity and voltage reduced significantly at higher 
current rates. In this chapter, Li(Mn1-xFex)PO4/C (x = 0, 0.2, 0.5 and 0.8) 
cathode materials were synthesized by high energy ball mill assisted soft 
template method to enhance the manganese utilization. LiMn1-xFexPO4/C (x = 
0.2, 0.5 and 0.8) showed better lithium storage performance compared to 
LiMnPO4/C. Among these, LiMn0.8Fe0.2PO4/C exhibits higher energy density 




 redox region. 
Mn-rich LiMn0.8Fe0.2PO4/C exhibits enhanced manganese utilization, thermal 
stability, cycling stability and reduced voltage polarization. The enhanced 
electrochemical kinetics of LiMn0.8Fe0.2PO4/C has been attributed in terms of 
(i) favourable redox combination which in turn provides better environment 
for the lithiation and delithiation processes owing to difference in the 








, (ii) partial suppression of 
Jahn-Teller distortion and (iii) good structural and thermal stability of 
delithiated phase and (iv) enhanced transport properties. 
5.3 Experimental 
5.3.1 Synthesis of Li(Mn1-xFex)PO4/C (x = 0, 0.2, 0.5 and 0.8) 
Carbon coated Li(Mn1-xFex)PO4/C (x = 0, 0.2, 0.5 and 0.8) was 
synthesized using soft template method followed by high energy ball milling 
process (see chapter 3, scheme 2). 0.01 M of CTAB ((C16H33)N(CH3)3Br, 
Sigma Aldrich) was dissolved in a round bottom flask with a mixture of millQ 
water and absolute ethanol in the volume ratio of 1:5. The solution was stirred 
for 90 min. to initiate micellar formation, followed by the addition of lithium 
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dihydrogen phosphate (LiH2PO4, Sigma Aldrich), manganese (II) acetate 
tetrahydrate (Mn(CH3CO2)2.4H2O, Sigma Aldrich) and iron (II) acetate 
tetrahydrate (Fe(CH3CO2)2.4H2O, Sigma Aldrich) in stoichiometric 
proportion. The solution was further stirred for 24 h and the solvent 
evaporated using an IKA RV10 roto-evaporator. The precipitate was annealed 
in a tubular furnace at 650 
°
C for 6 h in an Ar-H2 (95:5) atmosphere. The 
calcined product was ball-milled with 25 wt% acetylene black using 
FRITSCH premium line – pulverisette 7 instrument at 500 rpm for 4 h with 
the weight ratio of sample:balls = 1:40. Further, the ball milled sample was 
heat-treated again at 500 
°
C for 3 h in an Ar:H2 atmosphere.
135
 
5.3.2 Material and electrochemical characterization 
Above samples were characterized using PXRD, Rietveld refinement, 
FESEM, EDXS, TEM, BET, XPS, temperature dependent PXRD, RT and 
high temperature galvanostatic cycling, cyclic voltammetry and 
electrochemical impedance spectroscopy. The details are given in chapter 2, 
section 2.2.1 , section 2.3 , section 2.4  and section 2.5  
5.4 Results and discussion 
5.4.1 Structural and morphological characterization 
Figure 5.1a illustrates the PXRD of the LiMn1-xFexPO4/C (x = 0, 0.2, 
0.5 and 0.8) samples. All peaks in the diffraction patterns belong to the Pmnb 
space group (JCPDS card no. 33-0803) with an orthorhombic structure. The 
expanded 2θ region as illustrated in Figure 5.1b indicates a continuous shift in 
the positions of the (031), (311) and (121) peaks and this reveals the formation 





Figure 5.1 (a) PXRD patterns of the LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) solid 
solut on, (b)  xp nd d 2θ r   on s ow n  t    ont nuous s  ft  n t   pos t ons of t   








Figure 5.2 Rietveld refinement of (a) LiMnPO4/C (Rexp:10.46, Rwp:4.04 and Rp:3.21), 
(b) LiMn0.8Fe0.2PO4/C (Rexp:9.05, Rwp:5.46 and Rp:4.21), (c) LiMn0.5Fe0.5PO4/C 
(Rexp:8.71, Rwp:4.79 and Rp:3.76) and (d) LiMn0.2Fe0.8PO4/C (Rexp:8.86, Rwp:4.90 and 
Rp:3.76). 
 


















































































































































































Rietveld refinement was performed on PXRD data of LiMn1-
xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) (Figure 5.2). The quality of the refinement 
is determined based on low reliability factors Rexp, Rwp and Rp, which confirms 
the formation of orthorhombic structure. Figure 5.3 shows the variations in 
the lattice parameters and unit cell volume of the LiMn1-xFexPO4/C (x = 0, 0.2, 
0.5 and 0.8).  
 
Figure 5.3 Variations of the unit cell parameters of LiMn1-xFexPO4 with x. 
The systematic changes in the unit cell parameters and cell volume can 
be understood by ionic radii of the transition ions (Mn
2+
 = 0.97 Å, Fe
2+
 = 0.92 
Å) in the system.
179, 393
 This linear variation in the unit cell parameters also 
confirms the formation of identical LiMn1-xFexPO4/C (x = 0.2, 0.5 and 0.8) 
solid solution with an orthorhombic structure.  
  FESEM images of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) samples 
are shown in Figure 5.4. FESEM images show presence of particles with a 
















































Figure 5.4 FESEM images of (a) LiMnPO4/C, (b) LiMn0.8Fe0.2PO4/C, (c) 
LiMn0.5Fe0.5PO4/C and (d) LiMn0.2Fe0.8PO4/C. 
 
Figure 5.5 Energy dispersive spectra of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8): 
Distribution trend of Mn and Fe in the composition (a) LiMnPO4/C, (b) 






















































































































  Energy dispersive spectrum (Figure 5.5) and elemental mapping 
images (Figure 5.6) confirm uniform distribution of manganese and/or iron 
within the active material, and this trend is in accordance with the Mn and Fe 
content in the material composition. Further, a uniform distribution of carbon, 
phosphorus and oxygen around the active materials are also seen (Figure 5.7). 
 
Figure 5.6 Elemental mapping images of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8): 
Distribution trend of Mn and Fe in the composition (a) LiMnPO4/C, (b) 
LiMn0.8Fe0.2PO4/C, (c) LiMn0.5Fe0.5PO4/C and (d) LiMn0.2Fe0.8PO4/C. 
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Figure 5.7 Elemental mapping of various compositions LiMn1-xFexPO4/C (x = 0, 0.2, 
0.5 and 0.8): [(1) LiMnPO4, (2) LiMn0.8Fe0.2PO4, (3) LiMn0.5Fe0.5PO4, (4) 
LiMn0.2Fe0.8PO4]; Distribution of elements, (a) manganese (purple), (b) iron (cyan), 
(c) carbon (red), (d) phosphorus (yellow), and (e) oxygen (green) in LiMn1-xFexPO4/C 
(x = 0, 0.2, 0.5 and 0.8). 
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  TEM images of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) materials 
are shown in Figure 5.8 The particles in the size range 30-50 nm appear to be 
embedded in a carbon matrix. The TEM images of LiMn1-xFexPO4/C (x = 0, 
0.2, 0.5 and 0.8) also show the presence of carbon coating (5 ± 2 nm) around 
the active materials. Such carbon coating facilitates electronic wiring between 
the particles and the Al current collector. 
 
Figure 5.8 TEM images of (a-b) LiMnPO4/C, (c-d) LiMn0.8Fe0.2PO4/C, (e-f) 
LiMn0.5Fe0.5PO4/C and (g-h) LiMn0.2Fe0.8PO0/C at different magnification. 
The BET surface area of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) 
was analyzed by N2 sorption isotherms (Figure 5.9). Nitrogen adsorption and 
desorption isotherms of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) sample 




 The BET surface area of 
LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) samples were found to be 40.6, 34.2 




 with a pore size of 4.83, 3.85, 3.84 and 3.75 nm 
respectively (inset of Figure 5.9 and Table 5.1). The pore volumes of these 
samples are 0.11, 0.12, 0.13 and 0.13 cc g
-1
 respectively (Table 5.1). These 
pores provide better penetration of the liquid electrolyte which allows easy 
access to Li
+



















Figure 5.9 Nitrogen adsorption and desorption isotherms and pore size distribution 
(inset) of (a) LiMnPO4/C, (b) LiMn0.8Fe0.2PO4/C, (c) LiMn0.5Fe0.5PO4/C and (d) 
LiMn0.2Fe0.8PO4/C. 
Table 5.1 Nitrogen adsorption and desorption data LiMn1-xFexPO4/C (x = 0, 0.2, 
0.5 and 0.8). 
   
Electrode 
materials 



















              
40.6 
                     
34.2 
                                   
33.2 
                       
31.6 




            
0.11 
                    
0.12 
                     
0.13 
                      
0.13 
                                 
Pore size (nm) 
(±0.05) 
                                        
4.83 
     
3.85 
                      
3.84 
                          
3.75 
*SBET – Surface area by Brunauer–Emmet–Teller equation. 
 
5.4.2 Redox potential shift in LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) 
Changes in the overall cell potential and the energy density of LiMn1-
xFexPO4/C (x = 0, 0.2, 0.5, 0.8 and 1) are demonstrated in the schematic given 































































































































































































































 redox couples with respect to that of Li/Li
+
. The effect of Fe
2+
 
substitutions in the lattice of Mn
2+
, showing subsequent changes in cell 
potentials and energy density of LiMn1-xFexPO4 (x = 0, 0.2, 0.5, 0.8 and 1). 




 redox in the electrode composition decides the 












 redox couples with respect to 
that of Li/Li
+
 and the effect of Fe
2+
 substitution on the overall cell potentials and 
energy density. 
 Figure 5.11 represents the cyclic voltammograms (CV) of carbon 
coated electrode compositions. The CV was recorded with Li metal as the 
counter and reference electrodes in the voltage range of 2.3-4.6 V at a scan 
rate of 0.058 mV s
-1
 up to 10 cycles at room temperature. Figure 5.11a shows 
the anodic oxidation peak in LiMnPO4/C at ~4.3 V and the cathodic reduction 
peak at 3.96 V which are attributed exclusively to the consecutive oxidation 




 redox couple. Further, the CV of LiMn1-
xFexPO4 (x = 0.2, 0.5 and 0.8) shows two distinct anodic peaks approximately 








































 redox couples are proportionate to the amount of Mn and Fe in the 
electrode composition as shown in Figure 5.11a - 5.11e. 
 
Figure 5.11 Cyclic Voltammograms profiles for LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 
0.8) at 0.058 mV s
-1
 scan rates up to 10 cycles; (a) LiMnPO4/C, (b) 
LiMn0.8Fe0.2PO4/C, (c) LiMn0.5Fe0.5PO4/C, (d) LiMn0.2Fe0.8PO4/C, ( ) CV proﬁl s of 
LiMn1-xFexPO4/C with x and (f) the linear relationship of the ratio of current peaks for 
Fe [Ip (Fe)] and Mn [Ip (Mn)] from CVs recorded at 0.058 mV s
−1
 and the ratio of 
composition. 
Figure 5.11f shows the ratio between Mn and Fe redox current peaks 
corresponding to the electrode composition, where a linear behaviour is seen. 
As could be seen the slope of these lines are close to unity and it passes 
through the origin.
404
 Hence, the oxidation and reduction peaks for both 
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 redox couples with varying redox current peaks 
depend on the degree of Mn and Fe substitution in the electrode composition 
which is in good agreement with the galvanostatic cycling profiles (shown 
later in Figure 5.14). Further, the systematic shifts in the redox potentials 
were confirmed by CV measurements and voltage profiles (voltage profile is 
measured by galvanostatic method where a constant current was applied to 
battery to obtain voltage values at different SOC) of LiMn1-xFexPO4/C (x = 0, 
0.2, 0.5, 0.8 and 1) as shown in Figure 5.11e and Figure 5.12.  
 
Figure 5.12 (a) A comparative chart of voltage profiles of charge cycle of LiMn1-
xFexPO4 (x = 0, 0.2, 0.5, 0.8 and 1) with x (LiFePO4 voltage profile of charge cycle 




 redox profiles and (c) 















































































 as a function of the 
Fe content (x) owing to Fe-O-Mn superexchange interaction.
13, 120
 The 
augmentation in the Mn/Fe ratio leads to the shift in the cathodic and anodic 








 redox couples, 







Figure 5.13 Cyclic voltammograms (CV) at different scan rates (0.1, 0.2, 0.3, 0.4 and 
0.5 mV s
-1
) and corresponding plots of linear relationship between the peak current 
(ip) and the square root of scan rate (v
1/2
) for both the charge and discharge states of 
(a-b) LiMnPO4/C, (c-d) LiMn0.8Fe0.2PO4/C, (e-f) LiMn0.5Fe0.5PO4/C and (g-h) 
LiMn0.2Fe0.8PO4/C. 
The symmetrical nature of the redox peaks in the CV at different scan 
rates are shown in Figure 5.13a, 5.13c, 5.13e and 5.13g. In the subsequent 
scan rates, the anodic peaks and the corresponding cathodic peaks of Mn and 
Fe are unaltered; this infers good reversibility of mesoporous LiMn1-
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xFexPO4/C (x = 0, 0.2, 0.5 and 0.8)  T   volt     yst r s s (∆V, t   d ff r n   
between the anodic and cathodic peaks voltage) increased with the increasing 
scan rate whereas the peak ratio of the anodic current to the cathodic current 
was unity (i.e. |iap/icp| = 1).
383
 This shows the absence of side reactions during 
this insertion and extraction process. Figure 5.13b, 5.13d, 5.13f and 5.13h 
clearly illustrates the linear relationship between the peak current (ip) and the 
square root of the scan rate (v
1/2
). This indicates that the electrochemical 
extraction and insertion process of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) 
is mainly limited by diffusion. Therefore, the diffusion of Li
+
-ion is a key 
factor for electrochemical kinetics of the system. Further, the change in 
steepness of linear relationship between the peak current (ip) and the square 
root of the scan rate (v
1/2
) confirms the augmentation in the Mn/Fe ratio in the 
electrode compositions.  
5.4.3 Lithium storage performance 
Figure 5.14a represents the galvanostatic cycling profiles of 





) followed by discharge cycle potential at 3.96 V corresponding to 




), resulting in a storage performance of 120 mAh 
g
-1
 at 0.1C corresponding to ~0.71 moles of Li
+
 insertion. Figure 5.14b - 5.14d 
shows the voltage profiles of LiMn1-xFexPO4 (x = 0.2, 0.5 and 0.8) Mn-Fe 
mixed phospho-olivine in which two distinct charge and discharge plateaus 
corresponding to Mn and Fe redox couples are seen. The lithium storage 
performance of these solid solutions are 160, 159, 158 mAh g
-1
 at 0.1C rate 
corresponding to ~0.94, 0.93 and 0.93 moles of Li
+
 insertion at room 
temperature. Though the discharge capacity is almost similar in all these 
145 
 
electrode compositions, LiMn0.8Fe0.2PO4/C exhibits high energy density as 





region. However, the total discharge capacity delivery is a contribution of both 








(~4.1 V) redox 
couples in the Mn-Fe mixed electrode compositions unlike LiMnPO4/C. This 
favourable redox combination exhibits attractive electrochemical activity of 




Figure 5.14 Specific charge and discharge characteristic profiles of LiMn1-xFexPO4/C 
(x = 0, 0.2, 0.5 and 0.8) at 0.1C, (a) LiMnPO4/C, (b) LiMn0.8Fe0.2PO4/C, (c) 
LiMn0.5Fe0.5PO4/C, (d) LiMn0.2Fe0.8PO4/C in a voltage window of 2.3 - 4.6V at room 
temperature. 
The voltage polarization between intercalation/deintercalation plateau 
for solid solution electrodes was found to be ~85 mV:20 mV in the Mn:Fe 
potential regions at 0.1C which is consistent with our earlier report.
136
 The 
voltage polarization of the LiMnPO4 was found to be 340 mV.
134, 135 
The huge 




 redox region 
and improved lithium storage performance could be attributed to Fe-O-Mn 
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) of Mn-Fe mixed phospho-
olivines.
13, 123, 164, 171, 174 
 
The discharge profiles and cycling stability of LiMn1-xFexPO4/C (x = 0, 
0.2, 0.5 and 0.8) at various current rates namely 0.1, 0.2, 0.5, 1, 2, 5 and 10 C 
are shown in Figure 5.15. The storage performances of above samples at 
various rates are summarized in Table 5.2. For instance, LiMn0.8Fe0.2PO4/C 
delivers discharge capacity of 141 mAh g
-1
 compared to LiMn0.5Fe0.5PO4/C, 
LiMn0.2Fe0.8PO4/C and LiMnPO4/C which deliver only 134, 126 and 61 mAh 
g
-1
 at 1C respectively.  
Table 5.2 A summary of lithium storage performance of LiMn1-xFexPO4/C (x =0, 0.2, 
0.5, 0.8) at various current rates. 
 C rates 
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Figure 5.15 Galvanostatic discharge profiles of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 
0.8) at different C-rates and corresponding cycling stability up to 30 cycles, (a-b) 
LiMnPO4/C (c-d) LiMn0.8Fe0.2PO4/C, (e-f) LiMn0.5Fe0.5PO4/C, (g-h) 
LiMn0.2Fe0.8PO4/C in a voltage window of 2.3 - 4.6 V at room temperature. 
LiMn0.8Fe0.2PO4/C electrode delivers discharge capacities of 160, 156, 
154, 125, 106 and 88 mAh g
-1
 at 0.1, 0.2, 0.5, 2, 5, and 10C respectively 
(Figure 5.15a–5.15b). Further, the lithium storage performance of 
LiMn0.8Fe0.2PO4/C is one of the highest reported so far.
160, 161, 391
 Similarly, 
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LiMn0.5Fe0.5PO4/C electrode delivers discharge capacities of 159, 155, 145, 
122, 100 and 82 mAh g
-1
 at 0.1, 0.2, 0.5, 2, 5, and 10C respectively (Figure 
5.15c–5.15d) and LiMn0.2Fe0.8PO4/C electrode delivers discharge capacities of 
157, 146, 136, 115, 93 and 70 mAh g
-1
 at 0.1, 0.2, 0.5, 2, 5, and 10C 
respectively (Figure 5.15e–5.15f). Mn-Fe mixed phospho-olivines samples 
showed good cyclic stability compared to LiMnPO4/C up to 30 cycles (Figure 
5.15). 
Fast charging at 1C followed by slow discharge at 0.2C was performed 
to evaluate the stability of the LiMn1-xFexPO4 (x= 0.2, 0.5 and 0.8) electrodes 
and the results are shown in Figure 5.16. Such fast charge galvanostatic 
cycling is required for electric automotives to reduce charging time to 
minute/seconds. LiMn1-xFexPO4 (x= 0.2, 0.5 and 0.8) electrode exhibits the 
lithium storage performance of 155, 150 and 142 mAh g
-1
 at 0.2C 
respectively. 
 
Figure 5.16 Fast charge (1C) and slow discharge (0.2C) lithium storage performance 
profiles of LiMn1-xFexPO4/C (x = 0.2, 0.5 and 0.8) up to 50 cycles in a voltage 
window of 2.3-4.6 V at 25 °C temperature, (a) LiMn0.8Fe0.2PO4/C, (b) 
LiMn0.5Fe0.5PO4/C, (c) LiMn0.2Fe0.8PO4/C. 














































































































  The rate performances of the various samples are summarized in 
Figure 5.17a. After testing at 10C rate, all the cells were again tested at 0.1C 
rate. The electrodes show excellent recovery, for example LiMn0.8Fe0.2PO4/C, 
LiMn0.5Fe0.5PO4/C and LiMn0.2Fe0.8PO4/C retains 97%, 96% and 96% of its 




Figure 5.17 (a) Rate performance of LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) at 
different C-rates, (b) Long term cyclability of LiMn1-xFexPO4/C (x = 0.2, 0.5 and 0.8) 
up to 700 cycles and LiMnPO4/C up to 50 cycles at 1C (LiMnPO4/C for sake 
comparison). 
  LiMn1-xFexPO4/C (x = 0.2, 0.5, 0.8) showed good long term cycling 
stability compared to LiMnPO4/C which shows capacity retention of 85% after 
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50 cycles with an average coulombic efficiency of 98.2% (Figure 5.17b). 
Capacity retention of 86% was obtained for LiMn0.8Fe0.2PO4/C after 700 
cycles at 1C with an average coulombic efficiency of 97.9%. Similarly, 
LiMn0.5Fe0.5PO4/C and LiMn0.2Fe0.8PO4/C show capacity retention of 85.8% 
and 83.6% with average coulombic efficiencies of 97.7% and 97.6% 
respectively. As mentioned, these materials were prepared with the similar 
morphology, particle sizes and carbon content. To a large extent, the observed 
differences in the electrochemical performance of these materials are not 
biased by factors such as morphology, particle size and carbon content. Hence, 
the enhanced electrochemical kinetics are clearly associated with the improved 
bulk electronic conduction, lower activation energy
164, 171









) as shown later in 
LiMn0.8Fe0.2PO4/C. 
  To calculate the DLi
+
 of LiMn1-xFexPO4/C (x = 0.2, 0.5, 0.8), EIS 
studies were performed on cells after 700 cycles as shown in Figure 5.18a 
and 5.18b. The experimental data were fitted using the equivalent circuit 
model shown as in Figure 5.18c.
134, 135, 137
 The fitted values of RS, R1 and R2 
are given in Table 5.3. It is suggested that the R1 refers to the charge transfer 
resistance, while R2 which is an elevated resistance at high frequency region is 
associated with the Li
+







Figure 5.18 (a) Nyquist impedance spectra of LiMn1-xFexPO4/C (x = 0.2, 0.5, 0.8) 
after 700 cycles at room temperature, (b) corresponding linear fittings between Zre 
and reciprocal square root of the angular frequency in low frequency region and (c) 
equivalent circuit. 
Table 5.3 Impedance parameters derived using equivalent circuit model for LiMn1-
xFexPO4/C (x = 0.2, 0.5, 0.8) at room temperature. 
Cell impedance after 700 cycles 
Electrode materials   Rs(Ω)         1(Ω)         CPE1               R2(Ω)          CPE2 
                                                                                                         (x 10
-6 
F)                     (x 10
-6
F) 
LiMn0.8Fe0.2PO4/C 3.94 1.97 20.31 136.60 12.62 
LiMn0.5Fe0.5PO4/C 2.65 2.83 12.11 151.70 14.32 




 was calculated for these samples using Equation (3. 2). 
where, R is the gas constant, T is the absolute temperature (K), A is the 
contact area of the electrode (2.01 cm
2
), n is the number of electrons per 





) (ratio between the tap density of the prepared material and 
mol  ul r w    t)  nd σ  s t   W rbur   o ff    nt (obt  n d from Figure 






















Rs + (R1 II CPE1) + (R2 II CPE2) + Wo
c)
























134, 135, 187, 403
 The DLi
+
 values obtained from EIS measurements 
are shown in Table 5.4. These obtained DLi
+






Table 5.4 Diffusion coefficient derived from EIS measurements of LiMn1-xFexPO4/C 
(x = 0.2, 0.5, 0.8) at after 700 cycles. 
Electrode 
materials 


















5.4.4 High temperature galvanostatic cycling 
The optimal composition LiMn0.8Fe0.2PO4/C was chosen for high 
temperature galvanostatic cycling, ex-situ FTIR, XRD, thermal XRD, XPS 
studies and diffusion coefficient studies at various stages of lithium extraction 
and insertion owing to its superior energy density.  
Figure 5.19 shows the high temperature galvanostatic cycling (RT, 45, 
55 and 60°C) of LiMn0.8Fe0.2PO4/C at 0.2C up to 50 cycles at each 
temperature. LiMn0.8Fe0.2PO4/C shows stable discharge capacity of ~155 mAh 
g
-1
. However, there is a fading in the voltage as well as the capacity at the Mn 
region with increase in temperature. Such a trend is believed to be attributed to 
the increase in Mn dissolution with temperature.
72, 405
 Ex-situ PXRD patterns 
of this sample cycled up to 150 cycles at high temperature (50 cycles at each 
temperature - 45, 55 and 60°C) show all the corresponding peaks of olivine 
phase with the additional peak of delithiated Mn0.8Fe0.2PO4 at 30.70° and a 




Figure 5.19 Charge and discharge profiles of LiMn0.8Fe0.2PO4/C at different 
temperature (RT, 45, 55 and 60°C) at 0.2C; LiMn0.8Fe0.2PO4/C: (a) at 45°C, (b) at 
55°C (c) at 60°C and (d) comparison of galvanostatic charge and discharge profiles at 
different temperature (RT, 45, 55, 60°C). 












































































































Figure 5.20 Ex-situ PXRD patterns of LiMn0.8Fe0.2PO4/C after 150 cycles at high 
temperature (50 cycles at each temperature - 45, 55 and 60°C); (a) LiMn0.8Fe0.2PO4/C 
and (b) standard powder pattern of LiMnPO4 (JCPDS card No: 33-0803), Aluminium 
substrate (Al) peak at 44.77°. 
Figure 5.21 represents the FESEM images of LiMn0.8Fe0.2PO4/C 
electrode surface was taken on a sample after 150 cycles in total, but subjected 
to 50 cycles at 45 °C, 50 cycles at 55 °C and finally 50 cycles at 60 °C. 
Different FESEM figures (a), (b), (c), (d) and (f) refer to the same sample but 
at different magnification. This electrode surface image shows clear formation 
of cracks and electrical disconnectivity between the particles in the electrode. 
Such cracks seen in this electrode material could possibly arise from volume 
change during intercalation and deintercalation process (for more details see 
chapter 6) as well as expansion of electrode material at high temperature 
(higher than room temperature). Further, as seen from the literature, the 
introduction of huge volume change during electrochemical intercalation and 
deintercalation of lithium ions is well-known for causing cracks and 
disconnections in the electrode materials.
406, 407
 






















Figure 5.21 FESEM images of LiMn0.8Fe0.2PO4/C electrode surface after 150 cycles 
in total at various temperature (50 cycles at each temperature - 45, 55 and 60 °C), (1 









5.4.5 Ex-situ transmission FTIR spectra study of LiMn0.8Fe0.2PO4/C 
Figure 5.22a represents the transmission FTIR absorption spectra of 
LiMnPO4, LiMn0.8Fe0.2PO4/C and LiFePO4.  
 
Figure 5.22 (a) Transmission FTIR spectra of ν3, ν1, ν4  nd ν2 the lithium cage modes 
for LiMnPO4, LiMn0.8Fe0.2PO4 and LiFePO4 (LiMnPO4 and LiFePO4 infrared spectra 
for sake of comparison), The dashed lines represent the two-mod  b   v our  n ν3 and 
the arrow marks represent the lithium cage modes (ν2), (b) Transmission FTIR spectra 
of LiMn0.8Fe0.2PO4/C at different state of charge (SOC). 






















































These spectra are dominated by the vibrations of the PO4
3-
 anion, 
which consist of four modes: (i) anti-symmetric PO4
3-
 str t   n  mod  ν3 that 
lies between 1150 and 1000 cm
-1
, (ii) symmetric PO4
3-
 str t   n  mod  ν1 that 
lies between 1000 and 800 cm
-1
, (iii) anti-symm tr   b nd n  mod  ν4 seen 
between 650 and 530 cm
-1
  nd ( v) symm tr   b nd n  mod  ν2 seen at a 
fr qu n y low r t  n ν4.
408-412
 Among these, the stretching mode peaks are 
more localized than the bending modes.
413
 Stretching mode spectral 
assignments of PO4
3-
 vibrations in Mn-Fe mixed system is essentially the 
superposition of the two parent materials namely LiFePO4 and LiMnPO4 
(Figure 5.22a).
168, 408-416
 The details of the spectral assignments of the pristine 
samples are mentioned in Table 5.5. 
Table 5.5 Spectral assignment of LiMn0.8Fe0.2PO4/C at various state of charge. 
LiMn0.8Fe0.2PO4/C (major peaks - frequency in cm
-1
) 
Sample ν3 ν1 ν4 ν2 

























Figure 5.22b shows the transmission FTIR spectra of 
LiMn0.8Fe0.2PO4/C at various states of charge (SOC). At 25% SOC where Fe
2+
 
is oxidized to Fe
3+
, there are hardly any changes in the FTIR spectra (Table 
5.5). For 50% - 100% SOC where Mn
2+
 is oxidized to Mn
3+
, noticeable 
changes could be seen in the spectra. During this redox reaction, the peaks of 
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the test electrodes broaden as compared to the pristine sample spectrum (see 
Figure 5.22b and Table 5.5). 
As seen from the earlier reports, the P-O str t   n  mod  ν3 width 
increased from 84 cm
-1
 to 142 cm
-1
 for LiFePO4 while width increment is from 
65 cm
-1




 The broadening in the stretching 
mod  ν3 of LiMn0.8Fe0.2PO4 was 88 cm
-1
 (1135-1047) at 25% SOC while the 





(Table 5.5). It is seen that the peak broadening of the LiMn0.8Fe0.2PO4 was 




 Such a peak broadening is attributed 
to the Jahn-Teller distortion induced by Mn
3+
 ions owing to strong electron-
lattice interaction between these ions in the delithiated structure.
94, 158, 411, 412, 
418
 This geometrical deformation of the Mn-O structure directly affects the P-




 share oxygen atoms covalently in the structure 
latt   s  nd   l r  r s p r t on of t   ν3 bands.
168, 412
 The theoretical work by 
Seo et al.
172
 also showed that the substitution of transition metal in LiMnPO4 
could suppress the Jahn-Teller distortion and enables faster migration of the 
electrons which are localized around Mn
3+
 ions compared to parent material 
LiMnPO4.
90, 411
 Hence, the presence of Fe
3+
 ions in the place of Mn
3+
 ions in 






5.4.6 Reaction mechanism 
It is known from the previous studies that the mixed phospho-olivine 
LiMn1-xFexPO4 follows a two phase mechanism similar to LiFePO4.
13, 97, 123, 
124, 419, 420
 LiMn0.8Fe0.2PO4/C shows similar behavior as seen from the ex-situ 




Figure 5.23 (a) Ex-situ PXRD patterns of LiMn0.8Fe0.2PO4/C at different stages of 
electrochemical extraction of lithium (charge), (b) Ex-situ PXRD patterns of 
LiMn0.8Fe0.2PO4/C at different stages of electrochemical insertion of lithium 





 redox reaction, the initial delithiation of 







 redox reaction, the particle 
surfaces become enclosed with a thin layer of delithiated Li1-yMn0.8Fe0.2PO4/C 
that migrates towards the lithium rich core. This single-phase mechanism 
continues until y  0.8 as inferred from the XRD pattern as there are no 
evident changes in the XRD pattern. However, when y0.8, new peaks emerge 
at 2=18.49°, 30.46° and 37.10° suggesting the onset of the two phase 



































































behavior (Figure 5.23a).  Similarly, during lithiation, the initial lithiation of 
Li1-yMn0.8Fe0.2PO4/C occurs via two-phase mechanism followed by single-
phase process (y0.8) that migrates towards lithium deficient core. At the end 
of lithiation process, lithiated LiMn0.8Fe0.2PO4/C is formed by single-phase 
process (Figure 5.23b). This two-phase mechanism was also confirmed by the 
FTIR spectra of Li1-xMn0.8Fe0.2PO4/C in which peak broadening and increase 




 redox reaction at 
>75% of SOC.
412
 This observation is analogous with the FTIR spectral 





 has shown that manganese redox reaction in 
Li1-yMn1-xFexPO4, y = 0.6 happens through a two-phase mechanism while the 
iron redox reaction occurs via single-phase mechanism. In accordance to this 
report, we also observe two-phase mechanism in Li1-yMn0.8Fe0.2PO4/C (y = 
0.8) during the Mn redox reaction. However, there is a narrow shift in the state 
of charge/state of discharge point where the two-phase mechanism is 
observed. This is related to the fact that we extracted lithium by 
 l  tro   m   l m  ns, w  l  Y m d ’s study fo us d on    m   l 
delithiation.
124
 It must be noted that the mechanism of lithium 




5.4.7 Structural and thermal stability 
High structural and thermal stability of the cathode materials 
particularly at fully charge state is essential to enhance the reliability of the 
rechargeable batteries. Ex-situ temperature dependent PXRD were carried out 
at charged state (at 4.6 V) from RT to 500°C to understand the structural and 
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thermal stability of LiMn0.8Fe0.2PO4/C. All the major peaks in Li1-
xMn0.8Fe0.2PO4 are seen even at 400°C (Figure 5.24); however the peaks 
decrease/disappear at 450°C. The structure and thermal stability of fully 
charged Mn-rich Li1-xMn0.8Fe0.2PO4 sample is reasonably high considering the 
observed thermal XRD patterns at high temperature. 
 
Figure 5.24 Ex-situ temperature dependent PXRD of Li1-xMn0.8Fe0.2PO4/C at 
charged state (at 4.6 V). 
5.4.8 Enhanced Li
+
-ion shuttling in the mixed transition metal Mn-Fe 
phospho-olivine: Facile transition mechanism 
Ex-situ XPS experiments were carried out to study the Li
+
 ion 
extraction/insertion mechanism in LiMn0.8Fe0.2PO4 and to understand the 
reasons for enhanced manganese activity and lithium storage performance. 
XPS spectra were also recorded in LiMn0.8Fe0.2PO4 sample on partially 
charged (4 V), fully charged (4.6 V) and fully discharged (2.3 V) electrodes 
(Figure 5.25(i)). During the process of lithium extraction up to 4 V, there is a 









(partially charged to 4V) which is shown in XPS spectra (Figure 5.25(ii)). 





























Accordingly, spectra peaks are found to be located at binding energy of 641.3 




, respectively (Figure 5.25(ii)).  
 
Figure 5.25 (i) Charge/discharge profile of LiMn0.8Fe0.2PO4/C: [(a) a state of partially 
charged to 4 V, (b) a state of fully charged to 4.6 V, (c) a state of fully discharged to 
2.3 V]; ex-situ XPS spectra of LiMn0.8Fe0.2PO4/C: [(ii) partially charged to 4 V, (iii) 
fully charged to 4.6 V and (iv) fully discharged to 2.3 V]; (A) refers to Mn 2p3/2 and 
(B) refers to Fe 2p3/2. 
A charge capacity of ~52 mAh g
-1









 (Figure 5.25(i)). The 




 is ruled out here as the 
equilibrium potential for such a redox couple occurs at ~4.1 V. The delithiated 





























(A)(ii) Charged to 4 V
(iii) Charged to 4.6 V





























































~4.1 V as  seen from XPS spectrum (Figure 5.25(iii)). XPS spectra show 





























. After complete discharge to 2.3V, peaks at 641.3 and 




were seen (Figure 5.25(iv)). The 









 redox transition) which facilitates to 
enhance lithium storage performance of LiMn0.8Fe0.2PO4 samples unlike 
parent material LiMnPO4. The mechanism of enhanced Li
+
 ion 

















     (5.2)                     
  
In short, during Li
+










 redox of LiMn0.8Fe0.2PO4 unlike LiMnPO4. During the 




 owing to higher 
equilibrium potential of  Mn
 









 redox, further 
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. Apart from electronic 











presence of such favourable redox combination provides favourable 









for the enhanced manganese utilization in the subsequent lithium 
ions extraction/insertion process unlike LiMnPO4. 
5.4.9 Diffusion study of LiMn0.8Fe0.2PO4/C at various stages of 
electrochemical extraction and insertion of lithium ion 
 
Figure 5.26 Impedance spectra of LiMn0.8Fe0.2PO4/C and corresponding linear 
fittings between Zre and reciprocal square root of the angular frequency in the low 
frequency region of impedance spectra of LiMn0.8Fe0.2PO4/C at different stages of 
charge and discharge potentials, (a) charge and discharge profiles of 
LiMn0.8Fe0.2PO4/C (different stages were marked with red dots in the charge and 
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discharge profiles), (b-c) at different charge potential of LiMn0.8Fe0.2PO4/C and (d-e) 
at different discharge potential of LiMn0.8Fe0.2PO4/C. 
  To estimate the apparent DLi
+
 of LiMn0.8Fe0.2PO4/C at various stages of 
electrochemical extraction and insertion of lithium ion, EIS studies were 
performed (Figure 5.26a, 5.26b and 5.26d). The Warburg coefficient (σ) was 
calculated by taking the linear fittings between Zre and reciprocal square root 
of the angular frequency in the low frequency region (Figure 5.26c and 
5.26e). The apparent DLi+ was calculated for these samples using Equation 
(5.1). w  r , σ  s t   W rbur   o ff    nt (obt  n d from Figure 5.26c and 
5.26e).
134, 187, 403
 The apparent DLi
+
 values obtained from EIS measurements 
are shown in shown in Figure 5.27 at various stages of lithium insertion and 
extraction and found to be comparable with earlier reports.
177, 384
 The value of 
apparent DLi
+
 LiMn0.8Fe0.2PO4/C is higher compared to parent material 
LiMnPO4/C
134








redox region in charge and 




Figure 5.27 Apparent diffusion coefficient (DLi
+
) of LiMn0.8Fe0.2PO4/C (red dots) at 
different stages of electrochemical extraction and insertion of lithium calculated using 
impedance spectroscopy (taking the linear fittings between Zre and reciprocal square 
root of the angular frequency in the low frequency region): (a) diffusion coefficient at 
different stages of charge and (b) diffusion coefficient at different stages of discharge. 
5.4.10 Full cell performance LiMn0.8Fe0.2PO4/C vs. Li4Ti5O12/C and 
Fe2O3/C 
In order to validate the capability of Mn-rich LiMn0.8Fe0.2PO4/C 
cathode material for the rechargeable Li-ion battery applications, full cell was 
fabricated using Li4Ti5O12/C and Fe2O3/C as anode materials (Figure 5.28).
125, 

































































Figure 5.28 (a) Charge and discharge profiles of LiMn0.8Fe0.2PO4/C at 0.5C, (b) 
Charge and discharge profiles of Li4Ti5O12/C at 0.5C, (C) Charge and discharge 
profiles of full cell consist of LiMn0.8Fe0.2PO4/C vs. Li4Ti5O12/C in EC-DEC/1 M 
LiPF6 electrolyte solution at 0.5C, (d) Charge and discharge profiles of Fe2O3/C at 
0.1C, (e) Charge and discharge profiles of full cell consist of LiMn0.8Fe0.2PO4/C vs. 
Fe2O3/C in EC-DEC/1 M LiPF6 electrolyte solution at 0.5C. 
Figure 5.28a, 5.28b and 5.28d shows a typical voltage profile of 
LiMn0.8Fe0.2PO4/C, Li4Ti5O12/C and Fe2O3/C against Li metal in a half cell. 
Figure 5.28c presents a typical voltage profile of full cell consisting of 









 redox couples. The full cell delivers discharge 
capacity of 147 mAh g
-1
 at 0.5C (close to discharge capacity of 153 mAh g
-1
 
observed in the LiMn0.8Fe0.2PO4/C vs. Li/Li
+
 half-cell). The cells could retain 
















































































Specific capacity (mAh g-1)



































































relatively stable discharge capacity of 139 mAh g
-1
 after 20 cycles at 0.5C. 
Figure 5.28e shows the charge and discharge profiles of full cell consisting of 









 redox couples. It delivers discharge capacity of 80 mAh g
-1 
couples (initial formation cycles are not shown). It could retain relatively 
stable discharge capacity of 85 mAh g
-1
 after 30 cycles at 0.5C. This 
preliminary full cell performance demonstrates potential capability of 
LiMn0.8Fe0.2PO4/C as cathode for rechargeable Li-ion batteries.  
5.5 Summary 
In summary, LiMn1-xFexPO4/C (x = 0, 0.2, 0.5 and 0.8) was 
synthesized with similar morphology, particles size (30 - 50 nm) and carbon 
content  by a ball mill assisted soft template method to enhance the manganese 
utilization. LiMn1-xFexPO4 (x = 0.2, 0.5 and 0.8) Mn-Fe mixed phosphate 
showed two distinct charge and discharge profiles, resulting in lithium storage 
performance of 160, 159, 158 mAh g
-1
 at 0.1C rate compared to LiMnPO4/C 
(120 mAh g
-1
). The voltage polarization for solid solution electrodes was found 
to be ~85 mV:20 mV in the Mn:Fe redox potential region unlike LiMnPO4/C 
(340 mV) at 0.1 C. The capacity retention of 86% is obtained for 
LiMn0.8Fe0.2PO4/C after 700 cycles at 1C. Mn-rich LiMn0.8Fe0.2PO4/C looks 
attractive owing to the fact that most of the electrochemical activity occurs at 
~4.1 V, high temperature cycling, quick charging/discharging and long-term 
stable operations. The enhanced electrochemical kinetics is clearly associated 
with the (i) redox combination which in turn provides favourable environment 
for the lithiation and delithiation processes owing to difference in the 
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unlike LiMnPO4, (ii) partial 
suppression of Jahn-Teller distortion, (iii) reasonably good structural and 
thermal stability of delithiated phase (Li1-xMn0.8Fe0.2PO4) and (iv) enhanced 
transport properties.  
Despite successful high rate operation of LiMn0.8Fe0.2PO4 at 10C; the 




redox regime was only 32 mAh g
-1
 
which lowered the energy density of the battery. In the next chapter, the 



























6. Influence of Mg2+ substitution on the 
manganese utilization of olivine based 
cathode material 
Li(Mn0.8Fe0.15Mg0.05)PO4/C for 





















































































6.1 Preface to Chapter 6 
The influence of Mg
2+
 substitution on the electrochemical performance 
of Mn-rich Mn-Fe mixed phospho-olivine (LiMn0.8Fe0.15Mg0.05PO4/C) is 
presented in this chapter. Presence of Mg
2+
 in Mn-Fe mixed phospho-olivine 
positively influences the lithium storage performance. For instance, the 









 redox couples compared to LiMn0.8Fe0.2PO4/C 
(details are presented in chapter 5) sample that shows voltage polarization of 








 redox couples respectively. 
Further, the manganese utilization of LiMn0.8Fe0.15Mg0.05PO4/C is found to be 
higher than that of LiMn0.8Fe0.2PO4/C at all current rates. 
LiMn0.8Fe0.15Mg0.05PO4/C electrode retains 82% of its initial capacity at 1C 
after over 1000 cycles. The capacity of Mg
2+
 substituted samples is also 
extremely stable (~157 mAh g
-1
) over a wide operating temperature of RT – 
60 °C.  Such robustness of high temperature cycling seen in 
LiMn0.8Fe0.15Mg0.05PO4/C samples could possibly arise from stabilization of 
the delithiated phase (Li1-xMn0.8Fe0.15Mg0.05PO4/C). The possible reasons for 
the enhanced electrochemical kinetics of LiMn0.8Fe0.15Mg0.05PO4/C is 
discussed in terms of (i) redox combination which provides favourable 
environment for the lithiation and delithiation processes owing to low 




 and electrochemically inactive Mg
2+
, (ii) 
partial suppression of Jahn-Teller distortion, (iii) structural and thermal 





Previous reports in enhancing the lithium storage performance of 
LiMnPO4 has focused on (i) particle size reduction;
108, 125, 138-140, 385-387
 (ii) 
carbon coating;
121, 136, 142, 143, 149
 (iii) forming Mn-Fe mixed transition metals 
olivine phosphates (LiMn1-xFexPO4);
136, 161, 388, 389
 and (iv) partial substitution 
of divalent metals
137, 150, 151, 176-178, 180, 181, 392











. It has been reported previously that manganese is more 
electrochemically active in Mn-Fe mixed olivine phosphate than in 
LiMnPO4.
120, 136, 160, 161, 168, 171, 391
  Further, considering that the ionic radii of 
Mg
2+ 
(0.86 Å) is smaller than the Mn
2+





 presence of Mg
2+
 ions improves the structure stability and 
reduces volume mismatch between delithiated and lithiated phases.
135, 176, 178
  
Despite successful high rate operation of LiMn0.8Fe0.2PO4 at 10C; the 




redox regime was only 32 mAh g
-1
 
which lowered the energy density of the battery. In this chapter, the influence 
of Mg
2+
 substitution on the lithium storage performance and manganese 
utilization of Mn-rich Mn-Fe mixed olivine phosphates is discussed. For this 
purpose, we have prepared LiMn0.8Fe0.2PO4/C (details are presented in chapter 
5) and LiMn0.8Fe0.15Mg0.05PO4/C cathode material with similar morphology, 
particles size and carbon content. These two samples are compared throughout 
the discussion for their electrochemical behaviour. The presence of Mg
2+
 in 
Mn-Fe mixed transition metal phospho-olivine compound showed better 
electrochemical kinetics, manganese utilization, rate performance, cycling 
stability, thermal stability, structural stability, reduced voltage polarization and 









 redox reaction at 





 redox reaction at high potential. The fully charged 
sample (4.6 V) contains partially lithiated phase owing to the presence of 
electrochemically inactive Mg
2+
. Presence of such lithiated phase provides 
favourable environment for the subsequent lithium insertion reaction resulting 
in improved electrochemical performance. Furthermore, the presence of Mg
2+
 
also resulted in partial suppression of Jahn-Teller distortion, leading to stable 
cyclic performance. LiMn0.8Fe0.15Mg0.05PO4/C is attractive especially for high 
temperature cycling, reduced polarization and long-term stable operations. 
6.3 Experimental 
6.3.1 Synthesis of LiMn0.8Fe0.15Mg0.05PO4/C 
Carbon coated mesoporous LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05) 
was synthesized using soft template method followed by high energy ball 
milling process (in chapter 3, scheme 2). 0.01 M of CTAB 
((C16H33)N(CH3)3Br, Sigma Aldrich) was dissolved in a round bottom flask 
with a mixture of millQ water and absolute ethanol in the volume ratio of 1:5. 
The solution was stirred for 90 min. to initiate micellar formation, followed by 
the addition of lithium dihydrogen phosphate (LiH2PO4, Sigma Aldrich), 
manganese (II) acetate tetrahydrate (Mn(CH3CO2)2.4H2O, Sigma Aldrich), 
iron (II) acetate tetrahydrate (Fe(CH3CO2)2.4H2O, Sigma Aldrich) and 
magnesium (II) acetate tetrahydrate (Mg(CH3CO2)2.4H2O, Sigma Aldrich) in 
stoichiometric proportion. The solution was further stirred for 24 h and the 
solvent was evaporated using an IKA RV10 roto-evaporator. The precipitate 
was calcined in a tubular furnace at 650 
°
C for 6 h in an Ar-H2 (95:5) 
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atmosphere. The calcined product was ball-milled with 25 wt% acetylene 
black using FRITSCH premium line – pulverisette 7 instrument at 500 rpm for 
4 h with the weight ratio of sample: balls = 1:40 Further, the ball milled 
sample was heat-treated again at 500 
°
C for 3 h in an Ar:H2 atmosphere.
135
 
6.3.2 Material and electrochemical characterization 
Above samples were characterized using PXRD, Rietveld refinement, 
FESEM, EDXS, TEM, BET, XPS, temperature dependent PXRD, RT and 
high temperature galvanostatic cycling, cyclic voltammetry and 
electrochemical impedance spectroscopy. The details are given in chapter 2, 
section 2.2.1 , section 2.3 , section 2.4 and section 2.5 . 
6.4 Results and discussion 
6.4.1 Structural and morphological characterization 
Figure 6.1a shows the PXRD of LiMn0.8Fe0.15Mg0.05PO4/C sample. All 
the diffraction peaks could be indexed to LiMnPO4 which belongs to the Pmnb 
space group (JCPDS card no. 33-0803) with an orthorhombic structure. No 
other perceivable impurity phases are observed. The Rietveld refined pattern 
and lattice parameters for this sample are shown in the Figure 6.1b and Table 
6.1 respectively, which are in good agreement with the literature.
161, 180
 
Changes in the lattice parameters and unit cell volume of the above samples 
compared to parent member (LiMnPO4) are presented in. Table 6.1. The 
differences in the cell volume of the samples could be understood by the 
change in ionic radii of the transition metals (Mn
2+
 = 0.97 Å, Fe
2+
 = 0.92 Å 
and Mg
2+







Figure 6.1 (a) PXRD patterns of LiMn0.8Fe0.15Mg0.05PO4/C, (b) Rietveld refinement 
of LiMn0.8Fe0.15Mg0.05PO4/C (Rexp: 4.77, Rwp: 2.64 and Rp: 2.03). 
Rietveld refinement was performed to check the position of dopants in 
LiMn0.8Fe0.15Mg0.05PO4/C using TOPAS 3.0 version. The dopant position and 
quality of the refinement were determined based on Rexp, Rwp and Rp values 
(Figure 6.1b and Table 6.2).
114, 180, 394
 For instance in the case of 




 occupy only Li 





 occupy  only Mn sites, then the reliability factors 
















































































































Standard powder pattern of LiMnPO
4

































a = 6.086(2) Å
b = 10.428(4) Å
c = 4.728(3) Å







Table 6.1 Lattice parameters and cell volume of LiMn0.8Fe0.15Mg0.05PO4/C materials obtained by Rietveld refinement. 
Electrode material a (Å) b (Å) c (Å) V (Å
3
) Changes in the cell volume in (%) with 
respect to LiMnPO4 (reference) Pmnb 
space group (JCPDS card no. 33-0803) 
LiMnPO4 (reference) Pmnb space 
group (JCPDS card no. 33-0803) 
6.108 10.459 4.732 302.29 - 
LiMn0.8Fe0.15Mg0.05PO4 6.086(2) 10.428(4) 4.728(3) 300.06 0.74 
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simultaneously both Li and Mn sites, then the reliability factors are Rexp:4.77, 
Rwp:2.64 and Rp:2.03. Based on good reliability factors as seen from the third 












 substitute mostly the Mn site, not the Li site.
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Table 6.2 Site occupancies of LiMn0.8Fe0.15Mg0.05PO4/C. 
LiMn0.8Fe0.15Mg0.05PO4 (Rexp:4.77, Rwp:2.64 and Rp:2.03) 







) 4a 0.0 0.0 0.0 1 0.9994 
Li2 (Li
+1
) 4c 0.2500 0.2817 0.0281 0 0.0006 
Mg1(Mg
+2
) 4a 0.0 0.0 0.0 0 0.0006 
Mg2(Mg
+2
) 4c 0.2500 0.2817 0.0281 0.05 0.0494 
Fe2(Fe
+2
) 4c 0.2500 0.2817 0.0281 0.15 0.15 
Mn1(Mn
+2
) 4c 0.2500 0.2817 0.0281 0.80 0.80 
P1(P
+5
) 4c 0.2500 0.0923 0.4081 1 1 
O1(O
-2
) 4c 0.2500 0.0968 0.2664 1 1 
O2(O
-2
) 4c 0.2500 0.4561 0.2073 1 1 
O3(O
-2
) 8d 0.0492 0.1609 0.2781 1 1 
 
  FESEM images of LiMn0.8Fe0.15Mg0.05PO4/C samples are shown in 
Figure 6.2. FESEM images of the samples show presence of particles with a 
pseudo-spherical morphology. The carbon content and elemental composition 
were estimated by CHNX analysis using Elementar Vario Micro Cube 
analyser. Elemental mapping images and energy dispersive spectrum confirm 
presence of magnesium and iron uniformly within the active material (Figure 





Figure 6.2 FESEM images of LiMn0.8Fe0.15Mg0.05PO4/C. 
 
Figure 6.3 Elemental images of (a) carbon (white), (b) manganese (red), (c) iron 
(green), (d) magnesium (purple), (e) phosphorus (cyan), (f) oxygen (yellow) and (g) 
energy dispersive spectrum of LiMn0.8Fe0.15Mg0.05PO4/C. 
  TEM images of LiMn0.8Fe0.15Mg0.05PO4/C materials are shown in 
Figure 6.4. The particles appear to be well connected within the carbon matrix 
with size in the range 30-50 nm. TEM images of LiMn0.8Fe0.15Mg0.05PO4/C 
also show the presence of carbon coating (5±2 nm) around the active materials 
which act as electronic wiring for the electrons from particle to particle and to 
LiMn0.8Fe0.15Mg0.05PO4/C
500 nm
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the Al current collector. 
 
Figure 6.4 (a-c) TEM images of LiMn0.8Fe0.15Mg0.05PO4/C at different magnification. 
  The BET surface area of LiMn0.8Fe0.15Mg0.05PO4/C was analysed by N2 
sorption isotherms (Figure 6.5). Nitrogen adsorption and desorption isotherms 
of LiMn0.8Fe0.15Mg0.05PO4/C sample exhibits clear hysteresis loop of Type IV.  
 
Figure 6.5 Nitrogen adsorption and desorption isotherm with pore size distribution 
(inset) of LiMn0.8Fe0.15Mg0.05PO4/C. 





 and 0.116 cc g
-1
 respectively with a pore size distribution of 3.77 
nm (inset of Figure 6.5). These pores provide better penetration of the liquid 
































































Surface area = 35.36 m2 g-1
Pore volume = 0.116 cc g-1
Pore size = 3.77 nm
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6.4.2 Ex-situ transmission FTIR spectra study of 
LiMn0.8Fe0.15Mg0.05PO4/C 
Figure 6.6a represents the transmission FTIR spectra of LiMnPO4, 
LiMn0.8Fe0.15Mg0.05PO4/C and LiFePO4.  
 
Figure 6.6 (a) Transmission FTI  sp  tr  of ν3, ν1, ν4  nd ν2 the lithium cage modes 
for LiMnPO4, LiMn0.8Fe0.15Mg0.05PO4 and LiFePO4 (LiMnPO4 and LiFePO4 infrared 
spectra for sake of comparison), The dashed lines represent the two-mode behaviour 
 n ν3 and the arrow marks represent the lithium cage modes (ν2), (b) Transmission 
FTIR spectra of LiMn0.8Fe0.15Mg0.05PO4/C at different state of charge. 




















































These spectra are dominated by the vibrations of the PO4
3-
 anion, 
which consist of four modes: (i) anti-symmetric PO4
3-
 str t   n  mod  ν3 that 
lies between 1150 and 1000 cm
-1
, (ii) symmetric PO4
3-
 str t   n  mod  ν1 that 
lies between 1000 and 800 cm
-1
, (iii) anti-symm tr   b nd n  mod  ν4 seen 
between 650 and 530 cm
-1
  nd ( v) symm tr   b nd n  mod  ν2 seen at a 
fr qu n y low r t  n ν4.
408-412
 Among them, the stretching mode peaks are 
more localized than the bending modes.
413
 Stretching mode spectral 
assignments of PO4
3-
 vibrations in Mn-Fe mixed system is essentially the 
superposition of the two parent materials namely LiFePO4 and LiMnPO4 
(Figure 6.6a).
168, 408-416
 The details of the spectral assignments of the pristine 
samples are mentioned in Table 6.3. 
Table 6.3 Spectral assignments of LiMn0.8Fe0.15Mg0.05PO4/C at differe nt state of 
charge. 
LiMn0.8Fe0.15Mg0.05PO4/C (major peaks - frequency in cm
-1
) 
SOC ν3 ν1 ν4 ν2 
Pristine 1136, 1096 and 
1048 




25% SOC 1137, 1099 and 
1047 




100% SOC 1183, 1097 and 
1044 





Figure 6.6b shows the transmission FTIR spectra of 
LiMn0.8Fe0.15Mg0.05PO4/C at different states of charge. At 25% SOC where 
Fe
2+
 is oxidized to Fe
3+
, there are hardly any changes in the FTIR spectra 
(Table 6.3).  For 50% - 100% SOC where Mn
2+
 is oxidized to Mn
3+
, 
noticeable changes could be seen in the spectra. During this redox reaction, the 
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peaks of the test electrodes broaden compared to their parent material (see 
Table 6.3). 
As seen from the earlier reports, the anti-symmetric P-O stretching 
mod  ν3 width increased from 84 cm
-1
 to 142 cm
-1
 for LiFePO4 while width 
increment is from 65 cm
-1




 The broadening 
 n t   str t   n  mod  ν3 of LiMn0.8Fe0.15Mg0.05PO4/C was 88 cm
-1
 (1136-




-1)  S m l rly, t   bro d n n   n t   str t   n  mod  ν3 of 
LiMn0.8Fe0.2PO4/C was 88 cm
-1
 (1135-1047) at 25% SOC while the 





(for more details, see chapter 5). It is seen that the peak broadening is more 
pronounced for the completely delithiated Mg
2+
 un-doped sample and 
LiMnPO4
411
 compared to the Mg
2+
 doped Mn-rich Mn-Fe mixed sample.
178, 
411, 417
 Such a  peak broadening is attributed to the Jahn-Teller distortion 
induced by Mn
3+
 ions owing to strong electron-lattice interaction between 
these ions in the delithiated structure.
94, 158, 411, 412, 418
 This geometrical 





 share oxygen atoms covalently in the structure lattices and a larger 
s p r t on of t   ν3 bands.
168, 412
 The presence of more compatible large ions 
Mg
2+
 in the olivine structure could stabilize the structure and the lattice against 




 A recent work by 
Jang et al.,
422
 showed that the Mg
2+
 substitution causes smaller local structural 
distortion during lithium extraction. Further, the theoretical work by Seo et 
al.
172
 also showed that the substitution of transition metal in LiMnPO4 could 
suppress the Jahn-Teller distortion and enables faster migration of the 
184 
 
electrons which are localized around Mn
3+




6.4.3 Reaction mechanism 
It is known that the mixed phospho-olivine LiMn1-xFexPO4 follows a 
two phase mechanism similar to LiFePO4.
13, 97, 120, 124, 419, 420
 Ex-situ PXRD 
patterns recorded on the LiMn0.8Fe0.15Mg0.05PO4/C also shows a similar 




 redox reaction, the initial delithiation 








reaction, the particle surfaces become enclosed with a thin layer of delithiated 
Li1-yMn0.8Fe0.15Mg0.05PO4/C that migrates towards the lithium rich core. This 
single-phase mechanism continues until y  0.8 as inferred from the XRD 
pattern as there are no evident changes in the XRD pattern. However, when y 
 0.8, new peaks emerge at 2=18.49°, 30.46° and 37.10° suggesting the onset 
of the two phase behavior (Figure 6.7a).  Similarly, during lithiation, the 
initial lithiation of Li1-yMn0.8Fe0.15Mg0.05PO4/C (y  0.8) occurs via two-phase 
mechanism followed by single-phase process that migrates towards lithium 
deficient core. At end of the lithiation process, lithiated 
LiMn0.8Fe0.15Mg0.05PO4/C is formed by single-phase process (Figure 6.7b). 
This two-phase mechanism is also confirmed by the FTIR spectra of 
LiMn0.8Fe0.15Mg0.05PO4/C in which peak broadening and increase in the peak 




 redox reaction at > 75% of SOC.
412
 
This observation is analogous with the spectral changes witnessed in the two-






Figure 6.7 (a) Ex-situ PXRD patterns of LiMn0.8Fe0.15Mg0.05PO4/C at different stages 
of electrochemical extraction of lithium (charge), (b) Ex situ PXRD patterns of 
LiMn0.8Fe0.15Mg0.05PO4/C at different stages of electrochemical insertion of lithium 
(discharge), (c) change in cell volume of LiMn0.8Fe0.15Mg0.05PO4/C (Phase 1 refers to 
lithiated phase and Phase 2 refers to delithiated phase). 











































































































 has shown that manganese redox reaction in 
Li1-yMn1-xFexPO4, y=0.6 happens through a two-phase mechanism while the 
iron redox reaction occurs via single-phase mechanism. In accordance to 
Yamada et al., we also observed two-phase mechanism in Mg
2+
 substituted 
Li1-yMn0.8Fe0.15Mg0.05PO4/C (y = 0.8) during the Mn redox reaction. However, 
there is a narrow shift in the point where the two-phase mechanism is 
observed. This is related to the fact that we extracted lithium by 
electrochemical means, while Yamada et al. study focused on chemical 
delithiation.
124
 It must be noted that the mechanism of lithium 




During delithiation, the overall cell volume change in Mg
2+ 
substituted 
LiMn0.8Fe0.15Mg0.05PO4/C is relatively small compared to Mg
2+
 un-doped 
LiMn0.8Fe0.2PO4/C (Figure 6.77c), which is believed to be highly beneficial 
for repeated electrochemical extraction and insertion of lithium from/into the 
structure. For the Mg
2+
 substituted sample, the volume change between 
lithiated and delithiated phase is 3.9% while the volume change is 5.4% for 
Mg
2+ 
un-doped sample LiMn0.8Fe0.2PO4/C which is consistent with the recent 
report by Jang et al.
422
 The reduced change in the cell volume of Mg-





 (0.86 Å) > Mn
3+
 (0.78 Å) and Fe
3+
 (0.78 Å)) in the olivine 
structure.
176, 178
 Volume change during electrochemical intercalation and 
deintercalation of lithium is well-known to induce crack formation creating 
disconnections in the electrode material leading to capacity loss during the 
cycling.
406, 407
 This seems less likely in the Mg
2+ 
substituted Mn-Fe mixed 
187 
 
sample compared to Mg
2+
 un-doped LiMn0.8Fe0.2PO4/C (details are presented 
in chapter 5) which is beneficial to achieve stable cyclability (Figure 6.10 and 
Figure 6.11). 
6.4.4 Structural and thermal stability 
Safety is a major concern for LIBs and high structural and thermal 
stability of the cathode materials; particularly at fully delithiated state is 
critical. Ex-situ thermal XRD was carried out at delithiated state (at 4.6 V) 
from RT to 500°C to understand the structure and thermal stability of 
LiMn0.8Fe0.15Mg0.05PO4/C. All the major peaks in Li1-xMn0.8Fe0.15Mg0.05PO4 
are seen even at 500°C (Figure 6.8), while the peaks in Li1-xMn0.8Fe0.2PO4 
disappear at 450°C and above (details are presented in chapter 5). The 









(0.78 Å)) is believed to stabilize the delithiated olivine structure at high 
temperature. Hence, the structural and thermal stability of fully charged Mg-
substituted Mn-Fe mixed sample are relatively higher than the Mg
2+
 un-doped 




Figure 6.8 Ex-situ thermal XRD of Li1-xMn0.8Fe0.15Mg0.05PO4/C at charged state (at 
4.6 V). 
6.4.5 Lithium storage performance 
  Figure 6.9 shows the charge and discharge profiles of 
LiMn0.8Fe0.15Mg0.05PO4/C and LiMn0.8Fe0.2PO4/C at 0.1C (In this section, the 
results of LiMn0.8Fe0.2PO4/C is used for sake of comparison and details are 
presented in chapter 5). Both the samples deliver similar charge capacities of 
163 mAh g
-1







in LiMn0.8Fe0.2PO4/C is 52 mAh g
-1
 compared to 
LiMn0.8Fe0.15Mg0.05PO4/C which shows 39 mAh g
-1
. During discharge, the 




 redox in LiMn0.8Fe0.2PO4/C and 
LiMn0.8Fe0.15Mg0.05PO4/C were 57 and 43 mAh g
-1
. Thus, the capacity 




 redox in LiMn0.8Fe0.2PO4 is slightly higher 
than LiMn0.8Fe0.15Mg0.05PO4. Such variation in charge and discharge capacity 
is due to the difference in the Fe content in these compositions. However, the 




 redox is lower in LiMn0.8Fe0.2PO4 
compared to LiMn0.8Fe0.15Mg0.05PO4. For instance, the charge capacity 
































redox in LiMn0.8Fe0.2PO4/C is only 111 mAh g
-1 





higher capacity of 124 mAh g
-1
. The discharge capacity of LiMn0.8Fe(0.2-
x)MgxPO4/C (x = 0 and 0.05) is 160 mAh g
-1
 as shown in Figure 6.9a-6.9b. 




 redox is 117 
mAh g
-1
 of LiMn0.8Fe0.15Mg0.05PO4/C. In contrast, LiMn0.8Fe0.2PO4/C shows 






 region. This shows the maximum utilization 




 redox reaction of LiMn0.8Fe0.15Mg0.05PO4/C. 
 
Figure 6.9 Capacity comparison/contribution chart of Mn and Fe redox reaction for 
(a) LiMn0.8Fe0.2PO4/C (for sake of comparison) and (b) LiMn0.8Fe0.15Mg0.05PO4/C at 
0.1C rate. 
  Figure 6.10a-6.10b shows the lithium storage performance of 
LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05) at selected C rates. Even at higher 
rate of 10C, the lithium storage performance of Mg
2+
 substituted 
LiMn0.8Fe0.15Mg0.05PO4/C was found to be higher (97 mAh g
-1
) compared to 
the parent material LiMn0.8Fe0.2PO4/C which shows only 88 mAh g
-1
 (Figure 
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Figure 6.10 (a) Discharge profiles of LiMn0.8Fe0.2PO4/C at selected C-rates, (b) 
Discharge profiles of LiMn0.8Fe0.15Mg0.05PO4/C at selected C-rates, (c) Voltage 
polarization comparison of LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05) at 10C, (d) 
Cyclic voltammetry of LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05) and LiMnPO4/C at 
0.058 mV (LiMnPO4/C for sake of comparison), (e) Comparison of charge and 
discharge profiles of LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05) and LiMnPO4/C at 
0.1C, (f) Discharge profiles of LiMn0.8Fe0.15Mg0.05PO4/C at different C-rates (0.1C to 
30C) (g) Long term cyclability of LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05) at 
1C,and (h) Rate performance of LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05). (capacity 
values are calculated based on the active material weight). 
It is worth noting that the manganese utilization of LiMn0.8Fe0.15Mg0.05PO4/C 
is higher than that of LiMn0.8Fe0.2PO4/C at all C rates. Most importantly, the 






























































































































 Specific discharge capacity of LiMn0.8Fe0.2PO4/C
 Specific discharge capacity of LiMn0.8Fe0.15Mg0.05PO4/C
 Coulombic efficiency of LiMn0.8Fe0.2PO4/C




















































































































































































Polarization at Mn region
V  = 60 mV (0.1C)
V  = 85 mV (0.1C)
V  = 340 mV (0.1C)
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 redox couples compared to LiMn0.8Fe0.2PO4/C 









 redox couples respectively (Figure 6.10c). The 
polarization at Mn region for LiMn0.8Fe0.15Mg0.05PO4/C is relatively less about 
60 mV compared to LiMn0.8Fe0.2PO4/C (85 mV) and LiMnPO4 (340 mV)
134, 
135
 (for sake comparison) at 0.1C (Figure 6.10d-6.10e). In can be suggested 
that both Fe
2+





 (narrow Fe-O-Mn bond gap)
172, 423
 substitution facilitated improvement 
in the electronic and ionic conductivity of the sample. 
LiMn0.8Fe0.15Mg0.05PO4/C electrode delivers discharge capacities of 160, 157, 
156, 145, 132, 112, 97, 70 and 48 mAh g
-1
 at 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and 
30C respectively (Table 6.2 and Figure 6.10f).  
  LiMn0.8Fe0.15Mg0.05PO4/C showed better long term cycling stability 
compared to LiMn0.8Fe0.2PO4/C (Figure 6.10g). Mg-substituted samples retain 
91% of its initial capacity at 1C after 700 cycles with an average coulombic 
efficiency of 98.5 % compared to LiMn0.8Fe0.2PO4/C that retains only 86% 
over 700 cycles with an average coulombic efficiency of 98.2% (Figure 
6.10g). Even after 1000 cycles at 1C rate, LiMn0.8Fe0.15Mg0.05PO4/C electrode 
material retained 82% of its initial capacity, delivering 120 mAh g
-1
 with an 
average coulombic efficiency of 98.5% (Figure 6.10g). The rate performance 
of LiMn0.8Fe(0.2-x)MgxPO4/C (x = 0 and 0.05) samples are shown in Figure 
6.10h. After testing at high C-rate, all the cells were again tested at 0.1C rate. 
The electrodes show excellent recovery, for example 
LiMn0.8Fe0.15Mg0.05PO4/C retains 98% after 30C. Notably, 
192 
 
LiMn0.8Fe0.15Mg0.05PO4/C electrode material exhibits capacity up to 30C 
(Figure 6.10f), while LiMn0.8Fe0.2PO4/C material only shows capacity up to 
10C (Figure 6.10a). The facile electrochemical kinetics of 
LiMn0.8Fe0.15Mg0.05PO4/C material could be inferred from the lowest 
polarization value, enhanced Mn utilization and lithium storage performance 
witnessed during the galvanostatic cycling. As mentioned, these materials 
have similar morphology, particle size and carbon content. Hence, to a larger 
extent, the observed differences in the electrochemical performance amongst 
these materials are not biased by these factors. Therefore, the kinetic 
difference especially at high rate and enhanced Mn redox reaction is believed 
to be associated with the structural stability and enhanced transport properties 
(shown later in diffusion study) of LiMn0.8Fe0.15Mg0.05PO4/C electrode 
material. 
Table 6.4 A summary of lithium storage performance of LiMn0.8Fe0.15Mg0.05PO4/C at 
various current rates. 
C rates 
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6.4.6 High temperature galvanostatic cycling 
  Figure 6.11 shows the high temperature galvanostatic cycling (50 
cycles at each temperature-RT, 45, 55 and 60°C) of LiMn0.8Fe0.15Mg0.05PO4/C 




Figure 6.11 Charge and discharge profiles of LiMn0.8Fe0.15Mg0.05PO4/C at different 
temperature (RT, 45, 55 and 60°C) at 0.2C; LiMn0.8Fe0.15Mg0.05PO4/C: (a) at 45°C, (b) 
at 55°C (c) at 60°C and (d) comparison of galvanostatic charge and discharge profiles 
at different temperature (RT, 45, 55, 60°C). 
LiMn0.8Fe0.15Mg0.05PO4/C shows extremely stable discharge capacity ~157-
160 mAh g
-1
 without significant drop in the high voltage regime at all 


















































a) at 45 C
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b) at 55 C
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temperature range RT-60°C compared to LiMn0.8Fe0.2PO4/C (details are 
presented in chapter 5) Figure 6.11a-6.11d Similarly, electrochemical 
performance improvement was reported in Mg
2+
 substituted spinel LiMn2O4 at 
elevated temperature.
73
 Ex-situ PXRD patterns of this sample cycled up to 150 
cycles at high temperature (50 cycles at each temperature - 45, 55 and 60°C) 
show all the corresponding peaks of olivine phase with the additional peak of 
delithiated Mn0.8Fe0.15Mg0.05PO4 at 30.70° and a strong peak of Al at 44.77° 
(Figure 6.12).  
 
Figure 6.12 Ex-situ PXRD patterns of LiMn0.8Fe0.15Mg0.05PO4/C after 150 cycles at 
high temperature (50 cycles at each temperature - 45, 55 and 60°C); (a) 
LiMn0.8Fe0.15Mg0.05PO4/C and (b) standard powder pattern of LiMnPO4 (JCPDS card 
No: 33-0803), Aluminium substrate (Al) peak at 44.77° 
Figure 6.13 shows the FESEM images of LiMn0.8Fe0.15Mg0.05PO4/C 
electrode surface were taken on a sample after 150 cycles in total, but 
subjected to 50 cycles at 45, 50 cycles at 55 and finally 50 cycles at 60 °C. 
Different FESEM figures (a), (b), (c), (d) and (f) refer to same sample but at 
different magnification.  This electrode has still sufficient porosity and good 
connectivity between the particles (Figure 6.13) rather than cracks compared 
to LiMn0.8Fe0.2PO4/C electrode (details are presented in chapter 5). 






















Figure 6.13 FESEM images of LiMn0.8Fe0.15Mg0.05PO4/C electrode surface after 150 
cycles in total at various temperatures (50 cycles at each temperature - 45, 55 and 60 
°C), (1 and 2) at different locations and (a, b, c, d, e and f) at different magnifications. 
Such extreme robustness of high temperature cycling seen in our Mg
2+
 
substituted LiMn0.8Fe0.15Mg0.05PO4/C samples could possibly arise from 









stability of the delithiated phase of LiMn0.8Fe0.15Mg0.05PO4/C has been 
attributed to (i) the unchanged ionic radii of Mg
2+
 in the lattice during 
charging and discharging and (ii) partial removal of Li
+
 ions from the lattice 
owing to inactive Mg
2+
 dopant in LiMn0.8Fe0.15Mg0.05PO4/C.
176, 178
 
6.4.7 Enhanced lithium extraction/insertion mechanism in 
LiMn0.8Fe0.15Mg0.05PO4 
Previously in chapter 4, we have demonstrated that the enhanced 
manganese electrochemical activity of co-substituted LiMn0.9Fe0.05Mg0.05PO4 





 in the structure.
135
 In this study, we have further extended this 
mechanism in Mn-rich Mn-Fe-Mg mixed phosphate where most of the 
capacity arises at high potential manganese redox domain. Ex-situ XPS 
experiments were carried out to study the Li
+
 ion extraction/insertion 
mechanism in LiMn0.8Fe0.15Mg0.05PO4, to appraise the reasons for enhanced 
manganese utilization and lithium storage performance. XPS spectra were 
recorded on partially charged (4 V), fully charged (4.6 V) and fully discharged 
(2.3 V) electrodes (Figure 6.14(i)). During the process of lithium extraction 













PO4 (partially charged to 4 V) which is shown in XPS 
spectra (Figure 6.14(ii)). Accordingly, spectra peaks are found to be located at 







 respectively (Figure 6.14(ii)). A charge capacity of ~39 mAh g
-1
 














 is ruled out here as the equilibrium potential for this redox couple 
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Figure 6.14 (i) Charge/discharge profile of LiMn0.8Fe0.15Mg0.05PO4/C: [(a) a state of 
partially charged to 4 V, (b) a state of fully charged to 4.6 V, (c) a state of fully 
discharged to 2.3 V]; ex-situ XPS spectra of LiMn0.8Fe0.15Mg0.05PO4/C: [(ii) partially 
charged to 4 V, (iii) fully charged to 4.6 V and (iv) fully discharged to 2.3 V]; (A) 
refers to Mn 2p3/2, (B) refers to Fe 2p3/2 and (C) refers to Mg 2p3/2. 
















































(ii) Charged to 4 V
(iii) Charged to 4.6 V
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contribute to charge  capacity as  seen from XPS spectra (Figure 6.14 (iii)). 











 ions do not undergo 
any change in its oxidation state, lithiated phase associated Mg
2+
 still exists in 
the structure. Presence of such partial lithiated phase prior to lithium insertion 




in this material. After complete discharge to 2.3V, peaks at 641.3 and 711.4 




were seen, while Mg
2+
 (50.3 eV) showed 
no change (Figure 6.14 (iv)).
154, 161, 177, 400-402
 The subsequent charge and 
discharge cycles follow the above mechanism which facilitates enhanced 




substituted LiMn0.8Fe0.15Mg0.05PO4 samples. The mechanism of enhanced Li
+
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  In short, during Li
+










 redox of LiMn0.8Fe0.15Mg0.05PO4 and LiMn0.8Fe0.2PO4 
unlike LiMnPO4. The fully charged product (Li(1-x)Mn0.8Fe0.15Mg0.05PO4/C at 
4.6V) contains partial lithiated phase owing to the presence of 
electrochemically inactive Mg
2+
. Apart from electronic configuration of mixed 
transition metals (Mn-Fe), the presence of such lithiated phase provides 
favourable environment for the enhanced manganese utilization in the 




6.4.8 Diffusion study of LiMn0.8Fe0.15Mg0.05PO4/C at various stages of 
electrochemical extraction and insertion of lithium ion 
 
Figure 6.15 Impedance spectra of LiMn0.8Fe0.15Mg0.05PO4/C and corresponding linear 
fittings between Zre and reciprocal square root of the angular frequency in the low 
frequency region of impedance spectra of LiMn0.8Fe0.15Mg0.05PO4/C at different stages 
of charge and discharge potentials, (a) charge and discharge profiles of 
LiMn0.8Fe0.15Mg0.05PO4/C (different stages were marked with black dots in the charge 
and discharge profiles), (b-c) at different charge potential of 
LiMn0.8Fe0.15Mg0.05PO4/C and (d-e) at different discharge potential of 
LiMn0.8Fe0.15Mg0.05PO4/C. 
The apparent lithium ion diffusion coefficient (DLi
+
) of 
LiMn0.8Fe0.15Mg0.05PO4/C and LiMn0.8Fe0.2PO4/C (In this section, the results 
of LiMn0.8Fe0.2PO4/C is used for sake of comparison and details are discussed 
in chapter 5) at different stages of electrochemical extraction and insertion of 
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lithium is calculated using impedance spectroscopy measurements (Figure 
6.15a, 6.15b and 6.15d) by taking the linear fittings between Zre and 
reciprocal square root of the angular frequency in the low frequency region 
(Figure 6.15c-6.15e).  
The apparent DLi
+
 was calculated for these samples using Equation (3.2). 
where, R is the gas constant, T is the absolute temperature (K), A is the 
contact area of the electrode (2.01 cm
2
), n is the number of electrons per 





) (ratio between the tap density of the prepared material and 
mol  ul r w    t)  nd σ  s t   W rbur   o ff   ent (obtained from (Figure 
6.15a-6.15b).
134, 135, 187, 403
 The apparent DLi
+
 values obtained from EIS 
measurements are shown in Figure 6.16.  
The apparent DLi
+
 of LiMn0.8Fe0.15Mg0.05PO4/C and LiMn0.8Fe0.2PO4/C 
is almost similar in the iron redox region. In sharp contrast, there is a 
difference in the diffusion coefficient of lithium ions between Mg
2+ 
substituted 





) potential region (~4 - 4.15V in both oxidation and reduction 
process) (Figure 6.15). The reduced volume change between lithiated and 
delithiated phase due to presence of large ions Mg
2+
, reduced Fe-O-Mn bond, 
enhanced structural stability and partially suppressed Jahn-Teller distortion in 
LiMn0.8Fe0.15Mg0.05PO4/C compared to LiMn0.8Fe0.2PO4/C could possibly 







 This also testifies the enhanced manganese utilization in 





Figure 6.16 Apparent diffusion coefficient (DLi
+
) of LiMn0.8Fe0.15Mg0.05PO4/C (black 
dots) and LiMn0.8Fe0.2PO4/C (red dots) (LiMn0.8Fe0.2PO4/C, for sake of comparison) at 
different stages of electrochemical extraction and insertion of lithium using 
impedance spectroscopy (taking the linear fittings between Zre and reciprocal square 
root of the angular frequency in the low frequency region); (a) diffusion coefficient at 
different stages of charge of LiMn0.8Fe0.15Mg0.05PO4/C and LiMn0.8Fe0.2PO4/C and (b) 
diffusion coefficient at different stages of discharge of LiMn0.8Fe0.15Mg0.05PO4/C and 
LiMn0.8Fe0.2PO4/C. 
6.5 Summary 
In summary, the influence of Mg
2+ 
substitution on the electrochemical 
performance of Mn-rich Mn-Fe mixed transition metal phospho-olivine 
cathode was investigated. The presence of Mg
2+
 ions in Mn-Fe phospho-
olivine resulted in enhanced electrochemical kinetics, manganese utilization, 
rate performance, cycling stability, thermal stability, structural stability, 
reduced voltage polarization and reduced volume change during the 
electrochemical delithiation. For example, the discharge capacity of Mg
2+
 
















































































substituted samples was stable (157 mAh g
-1
) even at wide operating 
temperature range. The possible reasons for enhanced manganese utilization in 
LiMn0.8Fe0.15Mg0.05PO4/C is discussed in terms of (i) redox combination 
which provides favourable environment for the lithiation and delithiation 







, (ii) partial suppression of Jahn-Teller 
distortion, (iii) structural and thermal stability of delithiated phase (Li1-
xMn0.8Fe0.15Mg0.05PO4) and (iv) enhanced transport properties. 
In the next chapter, lithium storage properties of low temperature 















7. The effect of polymorphism on the 
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7.1 Preface to Chapter 7 
In the previous chapters, we have systematically demonstrated the 
factors that influence the lithium storage performance of olivine phosphate 
based cathode materials. In this chapter, we study the role of polymorphism on 
electrochemical performance in silicate based cathode materials. The synthesis 
and electrochemical characterization of low and high temperature polymorphs 
of Li2MnSiO4/C cathode material are discussed in this chapter. By controlling 
the calcination temperature, two different polymorphs of Li2MnSiO4/C namely 
Pmn21 (low temperature) and P21/n (high temperature) are obtained. The 
electrochemical performance of low temperature Pmn21 polymorph is better 
than the high temperature P21/n polymorph. Pmn21 polymorph delivers a 
discharge capacity of 262 mAh g
-1
 while P21/n polymorph delivers a discharge 
capacity of 164 mAh g
-1
 at 0.1C. The lithium storage performance of Pmn21 is 
almost twice that of P21/n at all current rates. The superior lithium storage 
performance of Pmn21 is due to simplest Li
+
-ion migration pathway compared 
to P21/n which has complex Li
+
-ion migration path. Besides the role of 
polymorphs, it is also found that the structural stability after cycling is also 










Despite tremendous success of lithium-ion batteries (LIBs), their low 
energy density has always been a matter of great concern.
119, 425-427
 One way of 
improving the energy density of LIBs is to use cathode materials with high 
lithium storage capacities.
204, 317, 428
 Li2MnSiO4 has a high theoretical capacity 
of 333 mAh g
-1
, assuming 2 moles of lithium ion transfer per formula unit.
200-
203, 217, 223, 239, 240
 Besides high capacity, they are attractive owing to their low 
cost, environmental friendliness and safety which arises from the integration 
of (SiO4)
4-
 polyanion (strong Si-O bonds) in the crystal structure.
201, 204, 208, 429
 







) resulting in poor electrochemical performance.
235, 430
 To 
improve the lithium storage performance most of the previous works have 
focused on nano-structuring this active material and providing carbon 
coating.
234, 239, 240, 244, 245, 431-434
 One striking aspect of Li2MnSiO4 is their 
richness in polymorphism.
186, 201-205
 Different polymorphs have been 
previously prepared by carefully controlling the temperature, pressure, 
temperature ramp up rate and ramp down rate of the synthesis and post-
treatment of the materials.
200-204, 211, 217, 223, 237
 For instance, two low 
temperature polymorphs Pmn21 and Pmnb with an orthorhombic structure,
200, 
203
 a high temperature polymorph P21/n with a monoclinic structure
212
 and a 
meta-stable monoclinic Pn polymorph
241
 have been reported till date. In 
general, insertion and extraction of less than one mole of lithium is reported 
for Li2MnSiO4. However, there are few reports which exploited second 
lithium exchange. Insertion and extraction of more than one mole of lithium is 
reported for low temperature Pmn21 polymorph at room temperature




 and for high temperature P21/n  polymorph  at elevated temperature.
240, 
245
 Recently, our group has also observed similar electrochemical 
performances experimentally on both Pmn21 and P21/n polymorphs with 
temperature.
239, 240
 However, the structural instability caused by Jahn-Teller 
effect and amorphization of the material during subsequent electrochemical 
cycling, resulted in capacity fading.
204, 235, 236
 A very recent work by Fisher et 
al.
242
 showed that Pmn21 (low temperature polymorph) has simplest Li
+
-ion 
migration pathway and lower energy barrier due to high symmetry of Li sites 
in the unit cells. This is in contrast to P21/n (high temperature polymorph) 
which has two symmetrically distinct Li sites in the unit cells, whose 
formation energies are slightly different resulting in complex migration 
pathway for Li
+
-ions. Hence, it is expected that these two polymorphs would 
show varying electrochemical properties. 
The main focus of this chapter is to isolate the polymorphs of 
Li2MnSiO4 by controlling the calcination temperature and to investigate their 
lithium storage performance. Two polymorphs namely, Pmn21 and P21/n were 
isolated by exercising judicial control on the calcination temperature. Among 
these two polymorphs, the electrochemical performance of Pmn21was found to 
be better than P21/n. Further, we could extract and insert more than one mole 
of lithium successfully from low temperature polymorph (Pmn21). Pmn21 
exhibits high storage capacity of 262 mAh g
-1
 at 0.1C and rate performance up 
to 5C; in contrast P21/n which delivers only a discharge capacity of 164 mAh 
g
-1
 at 0.1C at room temperature. The improved storage performance of low 
temperature polymorph (Pmn21) is due to simplest Li
+
 ions migration pathway 







 Besides the role of polymorphism, it is found that the 
structural stability after cycling is also critical in achieving high storage 
performance. 
7.3 Experimental 
7.3.1 Synthesis of Li2MnSiO4/C polymorphs by two-step method 
Carbon coated Li2MnSiO4/C polymorphs were synthesized using soft 
template method followed by high energy ball milling process (Scheme 1). All 
the precursors were mixed in stoichiometric ratio. Firstly, manganese (II) 
acetate tetrahydrate (Mn(CH3CO2)2
.
4H2O, Sigma Aldrich), tetraethyl 
orthosilicate (SiC8H20O4, TCI-EP-Japan) and citric acid (C6H8O7, Alfa Aesar) 
for in-situ carbon coating were dissolved in a round bottom flask with a 
mixture of millQ water and absolute ethanol in the volume ratio of 2:1. The 
solution was stirred for 24 h and the solvent was evaporated using an IKA 
RV10 roto-evaporator. The precipitate was calcined in a tubular furnace at 700 
°
C for 8 h in an Ar atmosphere. The calcined product was ground with lithium 
hydroxide monohydrate (Li(OH).H2O, Sigma Aldrich) using HEBM at 500 
rpm for 60 min. The final product was calcined at different temperatures, 
between 450 °C and 1000 °C for 8 h in an Ar-H2 (95:5) atmosphere to isolate 
the polymorphs. Two polymorphs Pmn21 (low temperature: 450 °C – 800 °C) 
and P21/n (high temperature: 850 °C – 1000 °C) were isolated by controlling 
the synthesis temperature. For further experiments, two samples which were 
calcined at 750 °C and 1000 °C for 8 h in an Ar:H2 (95:5) atmosphere were 
taken. Further, the low temperature Pmn21 polymorph was prepared without 
carbon coating (control sample) by two-step synthesis method to appraise the 
effect of carbon coating. Before making the slurry, the active material and 
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acetylene black were mixed using FRITSCH premium line – pulverisette 7 
instrument at 500 rpm for 4 h with the weight ratio of sample: balls = 1:40 and 
then the samples were re-heated at 750 °C or 1000 °C for 8 h in an Ar-H2 
(95:5) atmosphere.  
 
Scheme 1 Schematic illustrations of Li2MnSiO4/C preparation by high energy ball 
mill assisted two-step synthesis. 
 
7.3.2 Material and electrochemical characterization 
Above samples were characterized using PXRD, Rietveld refinement, 
FESEM, EDXS, TEM, BET and galvanostatic cycling. The details are given 
in chapter 2, section 2.2.2 , section 2.3 , section 2.4 and section 2.5  
7.4 Results and discussion 
7.4.1 Structural and morphological characterization 
Figure 7.1 illustrates the PXRD of Li2MnSiO4/C as a function of 
synthesis temperature, 450 °C - 1000 °C. With increasing the temperature, a 
clear transition from one polymorph to another could be seen (refer Figure 
7.1 and Figure 7.2). The samples which are calcined at low temperature (450 
°C to 800 °C) exhibit Pmn21 polymorph. However, upon calcination at 
temperatures above 850 °C resulted in the evolution of intensive new peaks at 
around 22° (shown in red arrow), a signature of high temperature P21/n 
polymorph.
223
 All peaks in the sample calcined at 1000 °C correspond to high 
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at 750 °C and 1000 °C are shown in Figure 7.3. The Rietveld refinements for 
these samples are shown in the Figure 7.4 and the cell parameters are listed in 
Table 7.1, which are in good agreement with the earlier reports.
203, 211, 212, 223, 
237
 This Rietveld analysis suggests that a trace of Mn2SiO4 (0.37% for P21/n 
and 1.28% for Pmn21) is found along with formation of low and high 
temperature of Li2MnSiO4. The in-situ carbon content on the low and high 
temperature polymorphs deduced from CHNX analysis were 6.5 and 4.4 wt% 
respectively. Accordingly, the ex-situ carbon additive is added to maintain the 
slurry proportion (total carbon content in the electrode is 25%). 
 
Figure 7.1 PXRD patterns of Li2MnSiO4/C polymorphs (Pmn21 and P21/n) as a 
function synthesis temperature (450 – 1000 °C) (arrow in black colour shows increase 
in temperature). 
 
Figure 7.2 Polymorph trends of Li2MnSiO4/C over synthesis temperature. 
 










































Polymorph trends of Li2MnSiO4/C over synthesis temperature
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Figure 7.3 PXRD patterns of high and low temperature polymorphs of Li2MnSiO4/C, 
(a) P21/n polymorph synthesized at1000 °C and (b) Pmn21 polymorph synthesized at 
750 °C. 
 
Figure 7.4 Rietveld refinement of high and low temperature polymorphs of 
Li2MnSiO4/C, (a) P21/n (Rexp:6.69, Rwp:3.77 and Rp:2.77) and (b) Pmn21 (Rexp:10.44, 
Rwp:3.49 and Rp:2.69). 
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Figure 7.5 shows the FESEM images of samples which were calcined 
at 750 °C (Pmn21) and 1000 °C (P21/n) for 8h followed by ball milled with 
carbon and then were re-heated at 750 °C and 1000 °C for 8 h in an Ar:H2 
(95:5) atmosphere.
134, 135
 The samples are made of particles in the range of 40 
- 60 nm with similar morphology. Elemental mapping images (Figure 7.6) 
show uniform distribution of carbon, silicon, manganese and oxygen within 
the active material. 
 
Figure 7.5 FESEM images of Li2MnSiO4/C, (a-b) Pmn21 and (c-d) P21/n at different 
magnification. 
 
Figure 7.6 Elemental mapping images of low and high temperature polymorphs of 
Li2MnSiO4/C, (i) Pmn21 and (ii) P21/n: [(a) carbon (cyan), (b) silicon (green), (c) 
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Figure 7.7 shows the SAED and HRTEM images of Pmn21 and P21/n 
samples. The SAED patterns of these two samples calcined at 750 and 1000 
°C confirm the formation of low and high temperature polymorphs 
respectively, a trend consistent with XRD patterns (Figure 7.3).  
 
Figure 7.7 SAED patterns and HRTEM images of low and high temperature 
polymorphs of Li2MnSiO4/C, (a-b) Pmn21 and (c-d) P21/n. 
Besides, HRTEM images also show the observed lattice fringes with d-
spacing of 3.91 Å and 2.53 Å corresponding to (101) and (022) plane of 
Pmn21 and P21/n polymorphs of Li2MnSiO4 respectively (Figure 7.7b and 
Figure 7.7d). In addition, HRTEM images also show the presence of carbon 
coating (~5 nm) around the active materials. 
The BET surface area of carbon coated Pmn21 and P21/n samples was 


























 with a pore size of 3.76 and 3.80 nm respectively (inset of 





Figure 7.8 Nitrogen adsorption and desorption isotherms and pore size distribution 
(inset) of Li2MnSiO4/C, (a) Pmn21 and (b) P21/n. 
7.4.2 Lithium storage performance 
Figure 7.9 demonstrates the lithium storage performance of low and 
high temperature polymorphs of Li2MnSiO4/C with a CC-CV mode of cycling 
at room temperature. The low temperature polymorph (Pmn21) exhibits a 
discharge capacity of 262 mAh g
-1
 with an average potential of ~3.0 V at 0.1C 
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corresponding to ~1.6 moles of Li
+
 ions extraction/insertion from/into the 
structure. The capacity retention after 10 cycles is 94% of its initial discharge 
capacity (Figure 7.9a).  
 
Figure 7.9 Lithium storage performance of Li2MnSiO4/C polymorphs at room 
temperature, (a) Charge and discharge profiles of Pmn21 polymorph up to 10 cycles at 
0.1C, (b) Charge and discharge profiles of P21/n polymorph up to 10 cycles at 0.1C, 
(c) Voltage polarization of Pmn21 in the 1
st
 cycle, (d) Voltage polarization of P21/n in 
the 1
st
 cycle, (e) Rate performance of Pmn21 and P21/n polymorphs and (f) Cycling 
stability of Pmn21 polymorph up to 30 cycles (capacity values are calculated based on 
the active material weight). 
On the other hand, high temperature polymorph (P21/n), delivers a 
charge capacity of 250 mAh g
-1 
at 0.1C. However, in the subsequent 
discharge, only one mole of lithium is inserted into the structure of this sample 
resulting in low capacity of 164 mAh g
-1 
at 0.1C. In the subsequent cycles, 
there is a continuous loss in the both Li
+
-ion insertion and extraction up to 10 
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Specific capacity (mAh g-1)
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cycles. The capacity retention of the high temperature polymorph (P21/n) 
sample after 10 cycles was only 61% (Figure 7.9b).  
To understand the differences in the lithium storage performance of 
low and high temperature phase, we refer to the theoretical work on lithium 
migration pathway in Li2MnSiO4 polymorphs by Fisher et al.
242
 The low 
temperature phase which is Pmn21 has the highest symmetry. It provides 
simplest Li
+
 ion migration pathway owing to Li
+
-ion sites in the unit cell 
which are symmetrically equivalent and it has only one jump distance for each 
direction. In sharp contrast, the high temperature phase (P21/n) has two 
symmetrically distinct Li
+
-ion sites. The formation energy of these two 
different sites is slightly different resulting in a more complex migration 
network with jump distance between 2.7 Å to 3.5 Å. The activation energy for 
Pmn21 is uniform in both a and c direction and its approximately 1 eV. The 
activation energies for P21/n are not uniform, varying from 0.3-1.4 eV 
depending on the lithium migration directions. Hence, this complex migration 
pathway and activation energy of P21/n ultimately raises the energy barrier for 
the alkali ions migration resulting in the reduced lithium storage performance 
which is in good agreement with our electrochemical studies. Therefore, the 
orthorhombic phase with highest symmetry facilitates easy access to Li
+
-ions 
from the bulk of the electrode delivering enhanced lithium storage 
performance in contrast to the high temperature monoclinic phase.  
The voltage profiles and polarization of orthorhombic phase (Pmn21) 
are much better than the monoclinic phase (P21/n) as shown in Figure 7.9c-
Figure 7.9d. Figure 7.9c represents the galvanostatic profile of Pmn21 at the 
first cycle. The average potentials of lithium extraction and insertion are ~3.97 
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V and ~3.0 V respectively resulting in a voltage polarization of 0.97 V. It 
should be noted that the charge and discharge profiles of Pmn21 are essentially 
single  plateaus owing to similar activation energy in the both the hopping 
directions.
242
 On the other hand, we observe two distinct charge and discharge 
plateaus for P21/n phase in the 1
st
 cycle owing to the variation in the activation 
energy and hopping distance for different hopping directions.
242
 The average 
potentials of lithium extraction and insertion are ~4.12, 3.85 V and ~3.16, 1.8 
V respectively resulting in voltage polarization of 1.26 and 1.43 V. It must be 
mentioned here that we do not observe distinct voltage plateaus in subsequent 
cycles and further investigation is needed in this direction. 
The rate performance of low and high temperature polymorphs is 
shown in the Figure 7.9e. The cells are cycled from 0.1C to 5C rate. After 
testing at 5C, all the cells were again tested at 0.1C. The low temperature 
polymorph retains 80% of its initial capacity at 0.1C while high temperature 
polymorph retains only 67% of its initial capacity. A summary of lithium 
storage performance of both polymorphs are listed in the Table 7.2. Notably, 
the capacity of Pmn21 phase is almost two times higher compare to P21/n 
phase especially at all current rates (Table 7.2). The low temperature 
polymorph of Li2MnSiO4/C showed better cycling stability compared to P21/n 
polymorph (Figure 7.9f). The cycling stability of Pmn21 polymorph is the 
highest among the reports in literature.
200, 239, 245,229, 234, 235, 240
 For instance, a 
capacity retention of 90% is obtained for low temperature polymorph after 30 
cycles at 0.1C. In contrast, high temperature polymorph P21/n shows only 
40% of its initial capacity after 30 charge and discharge cycles (Figure 7.9f). 
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As discussed, these materials are prepared with the similar morphology, 
particle size, mesoporosity and carbon content. Hence, it is believed that the 
observed differences in the electrochemical performance of these two 
polymorphs are not biased by factors such as morphology, particle size, 
mesoporosity and carbon content. 
Table 7.2 A summary of lithium storage performance of Pmn21 and P21/n 
polymorphs of Li2MnSiO4/C. 
C rates 








































One common problem associated with Li2MnSiO4 is their 
amorphization during cycling. Dominko et al.
200, 235
 demonstrated that the 
extraction of more one mole Li
+
 ion from the Pmn21 polymorph leads to the 
amorphization resulting in low storage performance and there is a continuous 
fading in the capacity. Here, we show that the amorphization could be 
suppressed to a greater extent by providing an in-situ carbon coating around 
the active material. Figure 7.10a demonstrates the ex-situ XRD patterns of 
carbon coated low temperature polymorph before and after cycling. All the 
major peaks are seen corresponding to Pmn21 polymorph suggesting that the 
carbon coated Pmn21 polymorphs retains the structure even after 30 cycles 
(Figure 7.10a). On the other hand, the low temperature Pmn21 polymorph is 
prepared without in-situ carbon coating (control sample). Ex-situ XRD 
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patterns are recorded on un-coated Pmn21 polymorph electrode at first charge 
up to 4.6 V and after 10 cycles (Figure 7.10b). The intensity of all major 
peaks corresponds to Pmn21 polymorph is decreased/disappeared after first 
charge up to 4.6 V and 10 cycles (Figure 7.10b).  
 
Figure 7.10 (a) Ex-situ XRD of low temperature Pmn21 polymorph after a first 
charge at 4.6 V (black) and after 30 cycles (red), (b) Ex-situ XRD of low temperature 
polymorph of Li2MnSiO4 sample without in-situ carbon coating after first charge up 
to 4.6 V (black) and after 10 cycles (red), (substrate peak is marked with symbols, #) 
and (c) Cyclic behaviour of un-coated low temperature Pmn21 polymorph sample. 
It is also worth noting that the un-coated low temperature Pmn21 
polymorph delivered discharge capacity of 148 mAh g
-1
 and retained only of 
49% capacity after 10
th
 cycle (Figure 7.10c) while the carbon coated samples 
retained 94% (Figure 7.9f). Hence, we believe that the presence of carbon 
coating around the manganese silicate acts as a buffer layer to accommodate 
the strain that has been created during the electrochemical intercalation and 
de-intercalation. Thus, apart from the type of polymorphs, the structural 
stability is also very important to achieve good lithium storage performance.  













Pmn21 – before cycling
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In summary, two polymorphs of Li2MnSiO4 were isolated by carefully 
controlling the calcination temperature. PXRD patterns, HRTEM images and 
SAED patterns confirm the presence of the low temperature Pmn21 polymorph 
and high temperature P21/n polymorph. The electrochemical performance of 
Pmn21 polymorph was much better than P21/n polymorph. Pmn21 exhibits 
high lithium storage performance of 262 mAh g
-1
 at 0.1C and impressive rate 
performance up to 5C at room temperature; in contrast to P21/n which delivers 
only 164 mAh g
-1
 at 0.1C. Notably, the capacity of Pmn21 phase is almost two 
times higher than P21/n phase at all current rates. Such perceivable difference 
in the storage performance is explained by the simplest migration pathway of 
Li
+
 ion in Pmn21 polymorph compared to P21/n polymorph. Besides the role 
of polymorphism, it is also found that the structural stability after cycling is 
critical in achieving high storage performance. Ex-situ XRD pattern of carbon 
coated samples revealed that the structure was stable upon first charging up to 
4.6 V and after 30 electrochemical cycles while un-coated samples underwent 
amorphization. Thus, carbon coated samples of Pmn21 retained 94% capacity 
after 10 cycles while uncoated samples retained only 40% at 0.1C rate.  This 
suggest that the storage performance of Li2MnSiO4 can be enhanced by a 
combination of two effects namely (i) isolating low temperature polymorph 





























Besides powering electronic devices, advanced rechargeable lithium-
ion batteries must support high energy density applications such as electric 
vehicles. Increasing the specific capacity and redox potential of cathode 
material is a crucial approach. In this thesis, we have focused extensively on 
LiMnPO4 based cathode material owing to its higher operating voltage 
compared to the well-studied LiFePO4. The following limitations associated 
with LiMnPO4 have been successfully overcome in this thesis: (i) sluggish Li
+
 
ions diffusivity, (ii) poor electronic conductivity, (iii) Jahn-Teller distortion in 
charged state, (iv) interfacial strain owing to large volume change between 
LiMnPO4 and Li1-xMnPO4, (v) metastable nature of the delithiated Li1-xMnPO4 
phase and (vi) huge polarization.   
 In the first part of the research work (chapter 3), we prepared 
mesoporous LiMnPO4/C cathodes featuring carbon coated, interconnected 
nano-grains using a high energy ball mill assisted soft template method. We 
highlighted the interdependence of lithium storage performance of 
LiMnPO4/C on carbon content, milling time, grain size and porous 
characteristics namely, surface area, pore size and pore volume. Such a 
tailored LiMnPO4/C delivered lithium storage performance of 140 mAh g
-1
 at 
0.05C with flat operating voltage. This was in sharp contrast to pristine 
microporous LiMnPO4 that delivered only 7 mAh g
-1
 at 0.05C with no 
perceivable plateaus. However, the achievable capacity of mesoporous 
LiMnPO4/C vs. Li/Li
+
 is still lower than the theoretical capacity with poor rate 
and cyclic performances.  
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 and an optimized composition LiMn0.9Fe0.05Mg0.05PO4/C 
was obtained (chapter 4). The storage capacity delivered by 
LiMn0.9Fe0.05Mg0.05PO4/C was 159 mAh g
-1
 at 0.1C with a polarization of 
~139 mV. Such capacity and polarization values are much better than those of 
pure LiMnPO4 (140 mAh g
-1
 and 340 mV). LiMn0.9Fe0.05Mg0.05PO4/C retained 
96 % of its initial capacity at 1C rate after 200 cycles. Improved cycling 
stability of LiMn0.9Fe0.05Mg0.05PO4/C (2.89 ppm) compared to LiMnPO4 
(21.95 ppm) was found to stem from suppressed Mn dissolution in the 





 redox (~ 3.45 V) favoured facile electrochemical 




 redox. The fully charged product (4.6 V) 
contained partial lithiated phase owing to the presence of electrochemically 
inactive Mg
2+
. Presence of such lithiated phase provided favourable 
environment for the subsequent lithium insertion process. It was also found 
that LiMn0.9Fe0.05Mg0.05PO4/C exhibited improved electronic conductivity and 
Li
+
-ion diffusivity compared to LiMnPO4. Thus, isovalent co-doping provided 
a positive influence on the lithium storage performance of olivine LiMnPO4. 
However, the storage capacity of LiMn0.9Fe0.05Mg0.05PO4/C at high rate of 10C 
was only 58 mAh g
-1
.  
 To improve the rate performance, we have prepared Mn-Fe mixed 
transition metal phosphates (chapter 5) with varying compositions, namely 
LiMn1-xFexPO4 (x = 0.2, 0.5 and 0.8). Among them, the optimized 
LiMn0.8Fe0.2PO4/C composition delivered 88 mAh g
-1
 at 10C while 





 at similar current rates. The enhanced electrochemical kinetics was 
found to be associated with (i) favourable redox combination which in turn 
provided favourable environment for the lithiation and delithiation processes 








unlike LiMnPO4, (ii) partial suppression of Jahn-Teller distortion, (iii) better 
structural and thermal stability of delithiated phase (Li1-xMn0.8Fe0.2PO4) and 
(iv) enhanced transport properties. LiMn0.8Fe0.2PO4/C also showed cycle life 
of 700 cycles while LiMn0.9Fe0.05Mg0.05PO4/C and LiMnPO4 showed cycle life 
of 200 and 50 cycles only. Despite delivering 88 mAh g
-1
 at 10C the capacity 




redox was only 32 mAh g
-1
 which 
lowered the energy density of the battery.  
 To enhance the electrochemical activity of Mn, Mg
2+
 substituted 
LiMn0.8Fe0.15Mg0.05PO4/C sample was prepared (chapter 6). The presence of 
Mg
2+
 ions in Mn-Fe mixed transition metal phospho-olivine resulted in 
enhanced electrochemical kinetics, manganese utilization, rate performance, 
cycling stability, thermal stability, structural stability, reduced voltage 
polarization and reduced volume change during the electrochemical 
delithiation compared to LiMn0.8Fe0.2PO4/C. At 10C, the 
LiMn0.8Fe0.15Mg0.05PO4/C delivered 97 mAh g
-1
 out of which 57 mAh g
-1
 
came from the high voltage Mn redox. Further the polarization was only 550 








 redox couples compared to 
LiMn0.8Fe0.2PO4/C. Besides, LiMn0.8Fe0.15Mg0.05PO4/C electrode showed 
cyclability of over1000 cycles at 1C. Even at wide operating temperature 
range, the capacity of LiMn0.8Fe0.15Mg0.05PO4/C sample in the Mn redox 
regime was relatively stable compared to LiMn0.8Fe0.2PO4/C. It was found that 
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the volume mismatch between the lithiated and delithiated phase reduced to 
3.9% for LiMn0.8Fe0.15Mg0.05PO4/C while the mismatch was 5.4% for 
LiMn0.8Fe0.2PO4/C. Such reduced volume mismatch was instrumental in 
achieving highly reversible insertion and extraction of Li
+
-ions. Influence of 
Mg
2+
 substitution on the manganese utilization in Mn-rich Mn-Fe mixed 
transition metal phosphate is demonstrated in terms of (i) redox combination 
which provides favorable environment for the lithiation and delithiation 







, (ii) partial suppression of Jahn-Teller 
distortion, (iii) structural and thermal stability of delithiated phase and (iv) 
enhanced transport properties. Thus we have successfully demonstrated that 
tailoring the composition of phospho-olivines will benefit the electrochemical 
performance.   
Finally, we have also investigated the lithium storage performance of 
silicate based polyanion (chapter 7) whose theoretical capacities are nearly 
two times more than phosphate based polyanion. We isolated two polymorphs 
of Li2MnSiO4 by carefully controlling the calcination temperature. XRD 
patterns, HRTEM images and SAED patterns confirmed the presence of the 
low temperature Pmn21 polymorph and high temperature P21/n polymorph. 
The electrochemical performance of Pmn21 polymorph was much better than 
P21/n polymorph. Pmn21 exhibited lithium storage performance of 262 mAh 
g
-1
 at 0.1C and impressive rate performance up to 5C at room temperature 
while P21/n delivered only 164 mAh g
-1
 at 0.1C. Notably, the capacity of 
Pmn21 phase was almost two times higher than P21/n phase at all current rates. 
Such perceivable difference in the storage performance is explained by the 
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simplest migration pathway of Li
+
-ion in Pmn21 polymorph compared to P21/n 
polymorph. Besides the role of polymorphism, it was also found that the 
structural stability and carbon coating are critical in achieving high storage 
performance.  
8.2 Future research directions 
LiCoPO4 owing to its high redox potential (4.8 V vs. Li/Li
+
) exhibits 
higher energy density compared to LiMnPO4. However, sluggish mixed 
conductivity and lack of stable electrolytes with high oxidation potential are 
major limiting factors. It has been found that the completely delithiated phase 
of LiCoPO4 is unstable and undergoes amorphization. The slow kinetics 
accompanied with the electrolyte decomposition contributes to the capacity 
loss upon cycling.
185, 190, 197
 The electrochemical performance of LiCoPO4 can 
be enhanced by preparing similar solid solutions mentioned in this thesis with 





 mentioned in this thesis can be extended to LiCoPO4. 
Alternately, investigations can also be performed using various additives such 
as fluoroethylene carbonate (FEC), vinylene carbonate (VC), vinyl acetate 
(VA) etc. to ensure stability of electrolytes at high potential and hence 
enhance the compatibility of LiCoPO4 with existing electrolytes.  
Employing Li2MnSiO4 as a cathode material for LIBs holds great 
promise for the development of high energy density LIBs. Richness in 
polymorphism of Li2MnSiO4 presents a variety of chemistries that remain 
unexplored for lithium storage activity. In this thesis, we have isolated only 
two polymorphs; however the other polymorphs need to be isolated 
successfully to understand the differences in electrochemical kinetics. Further, 
227 
 
poor cyclability, sluggish rate performance and high voltage polarization of 
Li2MnSiO4 are still an open challenge. The poor mixed conductivity, structural 
instability caused by Jahn-Teller effect and amorphization of the material 
during electrochemical cycling could contribute to the poor electrochemical 
kinetics.
203, 237, 242
 Hence, careful ex-situ and in-situ studies such as XRD, 
EXAFS, NMR and FTIR are required to gain better understanding on 
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